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1.0 SUMMARY

This report describes the work performed by GEAE (GE Aircraft Engines) on NASA Contract
NAS3-24080 to theoretically and experimentally evaluate the aerodynamic, acoustic, and
aeromechanical performance of GE-defined counterrotating blade concepts. The analytical
methods development and design are addressed in this document. Utilizing the analytical methods
which evolved during the conduct of this work, aerodynamic and aeroacoustic predictions were first
developed and then compared to NASA and GE wind tunnel test results.

This report also presents detailed mechanical design and fabrication descriptions for five
different composite shell/titanium spar counterrotating blade set configurations. Further, design
philosophy, analysis methods, and material geometry are addressed, as well as the aerodynamic,
aeromechanical, and aeroacoustic influences on the design procedures. Blade fabrication and
quality control procedures are detailed, bench—testing procedures and results to verify blade
integrity are presented, and instrumentation associated with bench—testing is identified. The
additional hardware to support specialized testing is also described as are operating blade
instrumentation and associated stress limits.

Five GE—designed counterrotating blade concepts were scaled to a 2—foot tip diameter so they
could be incorporated into the MPS (model propulsion simulators). Aerodynamic and aeroacoustic
performance testing was conducted in the NASA Lewis 8x6 supersonic and 9x15 V/STOL (vertical
or short takeoff and landing) wind tunnels and the GE freejet anechoic test chamber (Cell 41) in order
to generate an experimental data base for these counterrotating blade designs. Facility and MPS
vehicle descriptions are provided, along with descriptions of the test instrumentation. Complete test
matrices are provided, detailing test procedures. Effects on performance of rotor-to-rotor spacing,
blade number, angle—of-attack, pylon proximity, mismatched rotor speeds, and reduced diameter
aft blades are also addressed. In addition, counterrotating blade and specialized aeromechanical hub
stability test results are furnished.



2.0 INTRODUCTION

Over the past several years, GE has been engaged in internal as well as government-sponsored
studies to evaluate advanced technology, energy efficient propulsion systems for potential use both
in commercial and military subsonic aircraft. These studies have covered a wide spectrum of
engines, from pure turbojets to helicopters, in terms of size and performance as a function of
effective bypass ratio. These studies have included modern turbofans, such as the direct—drive
NASA/GE E3 (Energy Efficient Engine), and the geared fan for very high bypass ratio, such as the
NASA/GE QCSEE (Quiet, Clean, Short-haul Experimental Engine); conventional turboprops; and
the more modern, NASA single—rotation propfans.

Figure 1 illustrates the spectrum of bypass ratios considered. Between the bypass ratio spectrum
bounded by the turbofan and turboprop engines lies a region of counterrotation propulsors, unique
and unconventional engines. This region is identified as the “unused range” of engines. Included
in this class of propulsion concepts are engines which can combine the advantages of turbofans and
turboprops.

The GE studies identified particular aerodynamic and acoustic performance advantages for
unconventional propulsors that utilized a modemn counterrotation blading system, particularly for
“pusher type” propulsor designs incorporating a blading concept of high hub—to-tip radius ratio and
high disk loading (shp/D = 60). The work described in this report involves an investigation of these
modern, GE~conceived, counterrotation blade concepts; such as, those utilized by the GE UDF®*
(unducted fan) engine.

GE began a major, in-house, full-scale UDF development program in 1983. Atthe outsetit was
recognized that an adequate data base on counterrotating blade concepts was needed and that the
CR/PTR (counterrotating propulsor test rigs) would be required to generate the data. A testrig scale
of 0.622 m (24.5-inch) blade—tip diameter was chosen, to match the existing test rig utilized in the
NASA Lewis Single-Rotation Propfan Program. These rigs were designated as the 2—foot MPS
(model propulsion simulators) and are designed to investigate propulsion-system—installed—
performance interactions, as well as to evaluate the mechanical and aerodynamic performance of
the counterrotating blades.

In January 1983, GE initiated an in-house, intensive preliminary design study to determine the
mechanical design and functional use requirements for the MPS rigs. Both NASA Lewis and GE
requirements were reviewed. GE subsequently solicited the Boeing Commercial Airplane Company
of Seattle, WA, in April 1983 to finalize the design, fabricate, conduct check—out tests, and deliver
three MPS rigs. GE’s decision to utilize Boeing was based primarily on Boeing’s expertise in the
design and fabrication of precision thrust/torque measurement balances and their existing drive
module components.

Of three test rigs fabricated (outside of this contracted program), the first rig (No. 1) was utilized
in wind tunnel testing at Boeing under a joint GE/Boeing effort to provide precontractual check—out
of the testrig systems and preliminary screening of some blade concepts. The second rig (No. 2) was

*Registered trademark of the General Electric Company, USA.



e Diameter
Increasing

e sfc Decreasing

e Specific Thrust

Turbojets

Unused
Range

Decreasing S & b
. &L
o Airflow ;
Increasing ,
£ Conventional
s Props
Helos
-
Bypass Ratio Increasing
Figure 1. GE Study of Bypass Ratios Spectrum.

used by GE in its anechoic chamber freejet facility to generate data under this program. In
compliance with the terms and conditions of this contracted program, the third test rig (No. 3) was
provided to NASA Lewis by GE and was used by NASA Lewis in their wind tunnel facilities at
Cleveland, OH. GE also provided test support services (personnel) to assist NASA in conducting

their own experimental test investigations.

The overall objective of the program associated with this document was to investigate, both
theoretically and experimentally, unique GE counterrotation blade concepts. (The experimental
investigations were conducted using scale model blading.) The aerodynamic, acoustic, and
aeromechanical performances of these concepts were defined, evaluated, and documented for
application to future advanced technology (IOC 1990-1995) propulsion systems. In order to

accomplish this, the work was segmented into the six tasks listed below:

e TaskI - Technical Program Plan and Management

e Task II — Analytical Methods Development and Design

¢ Task III - Blade Mechanical Design and Fabrication

e Task IV — Simulated Takeoff Flight Acoustic and Performance Experiments
e Task V. — NASA Wind Tunnel Performance Test Support
e Task VI — Data Reduction and Analysis.



This report will address subject matter related to these tasks performed under NASA Contract
NAS3-24080.

While the intent of this Contractor Report is to mainly present test results obtained under NASA
Contract NAS3-24080, the results obtained under separate additional testing conducted at
NASA-Lewis by NASA-Lewis personnel are also included to provide a complete documentation
of all testing of the five blade designs described in this report.

Separate informal reports compiled for Tasks II, I11, and V and the Comprehensive Data Report
(CDR) contain more detailed coverage of the work under each of these tasks. Such informal reports
are not publicly distributed and thus are referred to in the text only by the contract task number for
reference purposes.

The data compiled and discussed in this report are a combination of that required under the terms
of the GE contract with NASA and additional data obtained by NASA-Lewis engineers in support
of the common industry/government research priorities. Specifically, the low speed data in NASA’s
9x15 foot wind tunnel were essentially government furnished supplemental data for comparison to
and enhancement of the GE contract data. Acknowledgment of the joint research efforts are
appropriate to clarify and distinguish the source of data, hardware, and report figures. Minor issues
regarding data accuracy interpretations are still pending as of the publication of these data.
However, final resolution of any differences are not expected to substantially affect the overall report
quality.



3.0 ANALYTICAL METHODS DEVELOPMENT AND DESIGN

The work effort for this portion of the program involved aerodynamic, aeroacoustic, and
aeromechanical design of GE counterrotation blade concepts. It also involved the development of
analytical methods needed to support this design effort. Aerodynamic and aeroacoustic predictions
were also developed using these analytical methods for comparison with wind tunnel test results
from acoustic and performance testing conducted under this program.

3.1 Aerodynamic Methods Development

The approach for aerodynamic methods development was to divide the effort into two main
thrusts: the development of a lifting surface model, and design analysis and code validation. The
following sections discuss the technical approach used in accomplishing this.

3.1.1 Lifting Surface Model

The principal goal of this activity was to provide a method for shaping the camber line of a swept
blade near the tip; to meet this goal, the approach selected was to build on previously established
work performed by Professor John Sullivan of the Purdue Research Foundation. Specifically, to
modify the Purdue Vortex Lattice Model to include compressibility corrections, optional analytic
chordwise loading distributions, blade taper, solidity, sweep, and relative Mach number to provide
a measure of the departure angle perturbations due to end effects alone. Results of this activity are
contained in Reference 1, which provides a model description, discussion of general theory,
software description, and sensitivity study.

3.1.2 Design Analysis and Code Validation

Repeated adjustments and iterations to the GE-CRDC (Corporate Research and Development
Center) Euler 3D computer program model were made during the design analysis and code
validation investigations involving the SR-3 blade. These studies evaluated the effects of wall
boundary conditions, grid density, smoothing parameters, and the distance of the grid boundaries
from the blade edges. Three consistency checks were made to determine the optimum method for
utilizing Euler 3D to verify design guidelines being employed in counterrotating propulsor blade
design. These consistency checks were on: conservation of circulation, torque, and plots of relative
total pressure.

The final recommendations for using Euler 3D as a tool in propeller flow field analysis were:

¢ To use as fine a grid as possible
¢ To use first—order boundary conditions

e If the blade Mach number distribution is of primary concern, the upstream and
downstream boundaries can be fairly close to the edge of the blade

¢ Second- and fourth—-order smoothing should be reduced until any further reduction
causes shock overshoots and oscillations in the solution.

The justification for the preceding conclusions is provided in an internal GE report, (GE TM No.
85-515 by R.D. Caney), documenting the Euler 3D work.



3.1.2.1 SR-3 Data Match

Prior to the aerodynamic design of the full-scale F~7/A—7 counterrotating blades, an analytical
study was performed to assess the performance of the single—rotation propfan, SR-3, which was
designed by Hamilton-Standard under NASA Contract NAS3-20769. The propfan model has 8
blades with a 0.25 inlet-radius ratio and a 45° tip sweep (as defined by Hamilton Standard). It was
designed in scale model size (62.2—cm diameter) at a cruise flight condition of Mach 0.80,
10,667-meter (35,000—feet) altitude. The summarized acrodynamic design point parameters are
compared in Table 1 to the design parameters of the F~7/A-T7 blades.

Table 1. Comparison of SR-3 and F-7/A-7 Blade Aero Design Parameters.
SR-3
SR-3 Data Match F-7/A-7
Design Point, Mach/Alt. 0.80/10,667 m | 0.80/10,667 m | 0.72/10,667 m
Advance Ratio, J 3.06 3.002 2.80
Power Coefficient, Cp 1.70 1.385 2.68
Disk Loading, shp/D?,
kw/m? (HP/ft?) 300(37.5) 262(32.6) 444(55.5)
Tip Speed, m/s (ft/s) 243.8(800) 249(816) 237.7(780)
Number of Blades 8 8 8+8
Aero Tip Sweep, degrees 45 45 33/29
Blade Activity Factor 235 235 147/152

In order to evaluate the S2—-3 design and calibrate the GE dedsign procedure, an axisymmetric
flow analysis was set up using the SR-3 model flowpath, blade geometry, and test data taken close
to the deisgn point as reported by Hamilton—Standard (Reference 2). This procedure is termed a data
match. It requires the input of measured data and gives meridinal Mach numbers and other
circumferentially averaged data throughout the flow field. Figure 2 illustrates the results of this flow
analysis. Flow streamlines and calculation stations are depicted with contours of meridional Mach
numbers superimposed on the plot. In the blade passage, Mach numbers peak at 1.16, where the
blade root thickness tends to choke the local hub flow. Downstream of the blade TE (trailing edge),
the large hub accelerating curvature raises the Mach number to 1.08. The axisymmetric flow
analysis results compares well with the results described in Reference 3.

The data match was performed using wind tunnel test data at Mach 0.80 near the design advance
ratio at a lower—than—design power coefficient. Wake survey probe measurements of total pressure
and total temperature were input to the GE axisymmetric flow analysis at a number of radial
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immersions; output results are demonstrated in Figure 3. The blade relative flow angles, lift
coefficients, and adiabatic efficiency are plotted from flow calculations. The normalized loading
distribution, as calculated from the input temperature rise, is also indicated. Euler 3D analyses were
also performed on the SR-3 blade using the GE Euler code. The blade—to-blade 3D (three—
dimensional) flow field was analyzed at the Mach 0.8 data match point to obtain surface Mach
number and loading distributions. The Euler calculation of exit flow angle (Figure 4) indicates a
greater loading level than the test data match over the entire blade span; this suggests that the blade
is more open than the hot—intended airfoil coordinates used in the data match. Figure 5 identifies
the surface Mach numbers for streamline sections near the tip, pitchline, and hub.

For the airfoil section near the tip, surface Mach numbers reveal a large loading over the entire
chord length and a strong normal shock at the TE. The shock is less strong for the midspan or
pitchline section, but is concentrated at the TE, expanding from a Mach of 1.15 down to
approximately 0.85. Near the hub, the surface Mach number distributions are strongly influenced
by the thick airfoil sections. The LE (leading edge) thickness and incidence angle causes the Mach
number to spike near the edge, decelerate, and then accelerate to midchord. The Mach numbers
along both surfaces peak near the maximum thickness location before diffusing to the trailing edge
at a 1.75 velocity ratio. Spanwise Mach number contours are shown in Figures 6 and 7 along the
pressure and suction surfaces of the blade. These plots show the strong shock at the tip trailing edge,
diminishing down the blade span toward the hub. The surface Mach number distributions resulting
from this 3D analysis of the SR—3 blade suggest that the thick airfoil sections near the hub, plus the
accelerating curvatures of streamlines in the hub, adversely affect the overall aerodynamic
performance at Mach 0.80 cruise. Improvements in hub area-ruling and airfoil mean-line shaping
could lead to better aerodynamic performance.

3.1.2.2 SR-1 Data Match

The SR-1 single-rotation propfan, designed by Hamilton—Standard under NASA Contract
NAS3-20219, was analyzed using the GE data match calculation procedure. The SR-1 model is
similar to the SR—3 having 8 blades with a 0.25-inlet-radius ratio. The principal difference in the
two designs is the planform shape. The SR-3 has a 45°—aero tip sweep, while that of the SR-1 is
only 30°; the SR-1 is also straighter in the inner portion of the blade, having no forward sweep.
Another difference occurs in the flowpath shape; the SR-1 hub flowpath is more conical through
the blade, not employing the area—ruling of the later SR-3 design. Both configurations were
designed for the same flight condition as indicated in Table 2. The lower efficiency of the SR-1 can
be attributed to less sweep and poorer hub performance.

Test data taken in the wind tunnel near the aero design point were used to perform the data match
analysis. Table 3 identifies the test data as well as the GE data match values.

The GE axisymmetric flow calculation code was run using the SR-1 scale model flowpath
coordinates, blade geometry, and design point test data. The results of this calculation are presented
in Figure 8. The flow streamlines and calculation stations are shown, with contours of meridional
Mach numbers superimposed on the plots. The Mach numbers inside the blade row indicate a large
region of supersonic flow near the hub; the peak Mach number calculated is 1.21, at the hub, where
maximum blade thickness occurs. Downstream of the blade another region of supersonic flow
occurs where the curvature of the hub flowpath causes local flow to accelerate over Mach 1. Both
of these regions of high Mach number flow are verified by the Hamilton—Standard final report
(Reference 3).
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Table 2.

Comparison of SR-3 and SR-1 Blade Aero
Design Parameters.

SR-3

SR-1

Design Point Mach No./Alt.
Advance Ratio, J
Power Coefficient, Cp

Disk Loading, Sha

kw/m? (HP/ft?)

Tip Speed, m/s (f
Aero Tip Sweep
Blade Activity Fa

Number of Blades

ft Power/D?

t/s)

ctor

0.

80/10,667 m.
3.06

1.70

300(37.5)

243.8(800)
45°
235

8

0.80/10,667 m.
3.12

1.73

300(37.5)

243.8(800)
30°
203

8

Table 3.

Comparison of SR-1 Test and GE Data Match
Analysis Results.

SR-1 GE
Test Point Data Match
Mach Number 0.80 0.80
Advance Ratio, J 3.12 3.118
Tip Speed, UT’ m/s (ft/s) 243.8(800) 243.8(800)
Power Coefficient, CP 1.73 1.702
Disk Loading, Shaft Power/D?
kw/m* (HP/ft?) 300(37.5) - 283(35.4)
Net Efficiency 0.773 0.787
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As shown in Figure 9, the meridional Mach number distribution along the hub surface compares
well with the test values reported. The GE axisymmetric flow calculation also matches well with
the total pressure ratio and swirl angles measured with rakes downstream of the rotor. Figure 10
illustrates the comparison of test measurements to the calculation. The measured total pressure ratio
was initially input, and the losses were adjusted to obtain a reasonable adiabatic efficiency profile
while matching the exit swirl as closely as possible. The losses and pressures were adjusted slightly
from the initial inputs to obtain the best data match. The resulting radial profiles of adiabatic
efficiency and loading also are presented in Figure 10.

Utilizing the GE Euler code, blade-to-blade 3D flow analyses were also performed for the
SR-1. The 3D flowfield was analyzed at the Mach 0.80 data match point to obtain surface Mach
number distributions. Radial distributions of exit swirl and angular momentum (ARCU) are also
calculated by Euler code and compared with the axisymmetric values in Figures 11 and 12. The
Euler—calculated swirl is within 1° of the axisymmetric calculation in the outer span of the blade but
does not fall off in the hub region like the test data and the axisymmetric calculation show.

The change in angular momentum across the blade as calculated by Euler 3D is significantly
higher across the span, particularly in the hub region. In general, the Euler code overpredicts the
amount of loading carried by the SR-1 blade, but not as great an overprediction as achieved by the
SR-3 calculation. Accounting for the viscous effects and a blade running more closed than predicted
would bring the Euler—calculated loading level closer to matching the experimental data.

Figure 12 identifies the surface Mach number distributions from the Euler calculation for
representative airfoil sections near the tip, pitchline, and hub. Blade surface Mach number contours
for suction and pressure sides of the SR—1 blade (Figures 13 and 14) indicate a very strong trailing
shock (stronger than the SR-3 Euler results) over the outer two—thirds of the blade span; this is
consistent with the fact that the SR-1 has a lower activity factor and less aerodynamic sweep. Even
though loading is not large in the hub region, blade thickness and solidity causes the shock to occur
near mid-passage, creating a surface Mach number distribution such as that depicted in View C of
Figure 12. Area-ruling of the hub surface would alleviate this problem. The surface Mach number
distributions of the SR-1, as compared to that of the SR—3, reveal a lighter leading edge loading with
a smaller incidence angle but a much greater trailing edge shock.

3.2 Aeroacoustic Methods Development
3.2.1 Scaling Procedures Development and Evaluation

Scaling procedures are required to relate acroacoustic results from model test rigs to full-scale
engine flight conditions. In this report, a formal procedure has been developed for scaling the
measured scale model tones to those of full-scale engines; however, due to flow—similarity
consideration, this procedure does not include broadband noise scaling.

In order to establish scaling procedures, one has to first retain the geometric similarity between
model tests and the desired full-scale operating conditions. When aerodynamic performance
similarities need to be maintained, control is required, during the test, over the following three
parameters: tip Mach number, Reynolds number, and the advance ratio; thatis, a ratio of flight speed
to tip speed (Reference 4).

Gutin’s equation (References 5 and 6) demonstrated that aerodynamic tone noise generated by
propfans depends directly on such associated performance variables as thrust, shp (shaft

17
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horsepower), flight Mach number, and tip Mach number. Consequently, the same set of
dimensionless parameters governing the performance similarity is assumed in this report to also
govern aeroacoustic similarity.

In a typical model test, not all of the above similarities can be maintained; forexample, geometric
deformation of the model blades at off-design conditions may be different than that of full-scale
blades. As a result, both the geometric and the performance similarities are not kept; correction in
the scale—up procedure may be needed. Also, having decided the tip Mach number and the advance
ratio for a test point, there is no freedom left to choose a desired Reynolds number of the simulated
flight condition.

On the assumption that the viscosity of the air is constant, the Reynolds number of the associated
full-scale condition is less than that of the model test by a factor equal to the ratio of the diameter
of the model blades to the diameter of the full-scale blades. The effect of the difference in Reynolds
number on propfan performance has been found to be small and, thus, is ignored in the performance
scaling procedure. However, flows of different Reynolds numbers have different turbulent
structures. Broadband noise has been shown to be related to inflow turbulence and turbulent
boundary layers passing the blade trailing edge (Reference 7); there is no simple equation relating
broadband noise of propfans measured from cases of different Reynolds numbers.

In contrast, there is Gutin’s equation describing tone noise generated by a single—rotor propeller
(Reference 5) which is expressed in simple terms of aeroperformance variables. Tone frequencies
predicted by the equation have been verified by all of the test measurements. In addition, the
extension of Gutin’s equation for nonuniform inflow to rotors has been derived in the text of Morse
and Ingard (Reference 6). In Section 3.2.1.1, Gutin’s equation is further generalized to deal with the
case of nonuniform inflow to rotors with time—-dependence. Interaction tones, which are generated
by the forward—rotor wake flow impinging on aft-rotor blades, can then be described by the same
equation as the steady-loading tones.

Section 3.2.1.2 identifies and discusses the two empirical constants in the generalized Gutin
equation. Scaling law based on the equation is used to scale the tone noise for cases of different sizes,
as well as for cases under different operating conditions. The scaling procedure is different from
predictions by analytical models which do not rely on empirical coefficients for each set of
rotor/blade angles. Results presented in Section 3.2.1.3 are shown to have reasonable agreement
between scaled and measured data, in reference to the prediction of our existing analytical model.
Discrepancies between the scaled results and these data are discussed in Section 3.2.1.4. The
significance of improving the scaling law is emphasized, in that it leads to important information
on the lump characteristics of forward rotor wakes for the study of interaction noise.

Table 4 lists and defines the various nomenclature used in the equations appearing in the
above-named subsections.

3.2.1.1 The Generalized Equation of Gutin

The acoustic pressure of discrete tones, as produced by a single-rotor propeller in uniform flow,
can be described by Gutin’s equation:
OlmmB 550 shp

M

= . . _e . . 1 .

Pn T Ine Co R (M n -« cos 6 - ﬂ—) . JmB(mB Me sin 0). (1)
o e o] e
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Table 4. Nomenclature for Scaling Procedures Development
and Evaluation Equations.

Subscript F: Quantities Associated with the Forward Rotor
Subscript A: Quantities Associated with the Aft Rotor
Subscript e: Quantities Derived Using the Effective Radius, Re
B: Number of Blades
Co: Speed of Sound

(=]
=1

Collective Terms of Gutin's Equatiom, Useful for
Scaling Purposes

Amplitude Related to the Total Thrust of a Rotor
Amplitude Related to the Total Drag Force of a Rotor
Thrust at a Point of the Rotor Disk

b

L T T T =

BB G e X O X

Drag Force at a Point of the Rotor Disk
An Arbitrary Function

-1

Bessel Functions of Integer Orders
Harmonic Numbers of the Forward Rotor
Harmonic Numbers of the Aft Rotor
Flight Mach Number

Effective Tip Mach Number

Sound Pressure

Distance from a Sound Source to an Observer
Tip Diameter

Effective Radius (0.7 to 0.8 RT)

Shaft Horsepower

x 2] = < 4
P

2]
=2
o

Direction of Flight (Reference Figure 15)

>
"

Empirical Constants in Gutin's Equation

Fourier Coefficient from the -space of the Rotor Tone
Pressure Level

B: Fourier Coefficient from the -space of the Rotor Thrust
(Reference 6, p. 741)

5: Fourier Coefficient from the -space of the Rotor Drag
Force (Reference 6, p. 741)

3: Azimuthal Angle About the Axis of Rotor Rotation
(Reference Figure 15)

Q:  Absolute Values of the Angular Velocity of Rotors
0: Emission Angle

n: Propulsion Efficiency
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This equation does not include interaction tones which are generated by the wake flow of a
forward rotor impinging on aft-rotor blades. The inflow to the aft rotor is not only nonuniform, but
also time—dependent; the case of nonuniform inflow to the rotor has been presented in the text of
Morse and Ingard (Reference 6). In this section, time—dependence is included in the analysis using
notation similar to those of Reference 6, pp. 739-744. Note that in Equation 1, the expression on
the left-hand side has no radial r-dependence of the rotor (Reference Figure 15). The dependence
has been averaged over r and written in terms of both effective radius, R, and effective tip Mach
number, M,. Similar results are to be derived for interaction tones; thus, the radial dependence is
also ignored in the present analysis.

-1
Flight
Direction

Forward Aft
Rotor Rotor

Figure 15. Definition of Rotor Coordinates
and Rotor Angular Velocities.

Referring to Figure 15, the axial force exerted on the fluid by the aft rotor is expressed in Fourier

series as Equation 11.3.2 of Reference 6:
c]

. 8
F (8,8) = £ - g(8,t) - z @ emHin 4By (t ! Q); @

n: -0

assuming the angular velocity of the aft rotor is -Q,. The function g(8,t) in the above equation
accounts for the wake effect on the aft—rotor loading. If one defines a coordinate,

= 8-, 0
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which is stationary in reference to the blades of the front rotor, the time—dependence of g(8, t) can be
absorbed into 3. The function of the wake effect has only 3-dependence:

8(8,8) = E B - el(MBd) )
m=-o
or,
g(8,t) = E Bm . ei(ﬂ’lBFs) . e-j_ m(BF.QF)t_

mn=-m
The substitution of Equation 4 into Equation 2 yields:

F 3,0 = £5 L B o o1 (mBpnBy)S -i(mBply + nB,Q, )€, (5)
m n

Similarly the Fourier series expansion for the drag force can be expressed as:

F8(8,t) - fXE: 2: 6m o ei(mBF-nBA)S e-i(mBFQF + nBAQA)t. (6)
m n

It should be noted that the predicted angular frequency mBgQp + nBaS24 is associated with the
mode mBg-nB 4 in the 8-space.

The derivation from this point to the result of the total sound pressure generated by the aft rotor
is identical to that of Reference 6 (Equations 11.3.14 through 11.3.18). The only difference is that
Qg is identically zero for the case dealt in the text. The derivation starts with obtaining the far-field
approximation of the monopole sources, in terms of Bessel functions, and then, the same
approximation for dipole sources. Dipole sources of strength, Fx and F 4, are integrated separately
over the rotor disk. Discrete tones fall out from the integration over the variable 8 (Figure 15).
Variables having radial dependence in all of the integrands are replaced by proper mean values. The
total sound pressure is the sum of p calculated from the thrust, Fy, and that from the drag force,
Fg . The derived pressure amplitude:

o B.-nB
> . -n Ba (mBg-a A) . 230 shp | ¢ (mB, M_sin 6) D
mn it r_ Co R, (mBF-nBA) A e
[ -nBA ' (Me)A . - cos 8 - 1 Eﬂ
mB-nB, M A M), By

is valid for steady— as well as unsteady—loading tones generated by the aft rotors.
3.2.1.2 Scaling Law Based on Gutin’s Equation

Scaling laws are empirical relationships intended for the interpolation or extrapolation of
existing acoustical data to that of similar rotor geometry under similar operating conditions. In
contrast, an analytical model can, in principle, make the same prediction without referring to test
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data. The scope of predictions by scaling is more limited than those achieved by analytical models.
Another major difference between these two prediction methods is that scaling laws rely on
empiricism and ignore many physical principles employed in the analytical models.

There has been good agreement on tone frequencies between those predicted by the generalized
equation of Gutin (Equation 7) and those measured in all of the test data. According to Equation 7,
propfan tones associated with the integer pair (m,n) exist for all possible combinations of m and n.
The integers m and n can be of the same signs for modes of orders m [Bg+ In [B,, or of opposite signs
for modes of orders |m IBF— IniB A-

However, Morse and Ingard (Reference 6, p. 746) pointed out that the tones associated with
Im [Bg+ In [B4, are negligible compared with the tones associated with Im [Bp—|n[Ba. Clearly,
predicted angular frequencies (Equations 5 and 6) for the dominating modes of Im [Bg—|n IB, are:
Im IBE Qg+ In[Ba Q4 (QFand Q4 >0).

Test data have consistently verified the fact that dominating tones do occur at the frequencies
predicted by the theory. To write Equation 7 in the form convenient for tone—scaling purpose:

P = X(D+EY), (8)
where
X = Un Bm9 (9)
Gm
Y = E’m, (10)
mB,.-nB
_ F A _ 550 shp . M sin 6
D = o (R J(mB,-nB,) B4 e sin ©)
e A F A
-uB, (1) )
e A . . 6
—nB . v r]A cos ,
F A o
and
mB_.-nB
_ F_"A _ 550 shp . . 1
E = &mr G ~®)  J(mB.-nB )(0Bs M. sin ® - | Gy |- (12)
(o] e A F A e A

The terms D and E in Equation 8 are variables that depend on mode numbers of a tone, numbers
of rotor blades, and aerodynamic performance of a given propfan test; (for a specified tone, D and
E can be calculated without knowing its pressure). The terms X and Y (combinations of Bm, Sm,
or 0,,) are regarded as empirical constants for the scaling procedure and must be solved from the
given tone pressure. As was previously discussed (Equations 2 and 4), B,, is the Fourier coefficient
of the axial unsteady loading of the aft rotor, which depends on forward-rotor wakes. Similarly, 5,
depends on the same wake, but for the tangential component of the loading. The Fourier coefficient
0., is a function of chordwise distribution of the steady loading on aft-rotor blades.
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In general, the two constants (X and Y) defined in Equations 9 and 10 are expected to vary both
with different rotor geometry and with factors affecting forward-rotor wakes. Once these are
determined from the scaled—model data, Equation 8 can be used to scale the tone pressures for
propfans of different sizes and for those operating under different, but similar, conditions. In
Equation 8, there are only two unknowns (X and Y) for each given tone measured from a test. There
are more than two microphone locations where the tone pressures are measured. Since each tone
pressure at one microphone location corresponds to one equation for the unknowns, there are more
equations than unknowns for a tone. A method based on the criterion of least-square—errors has been
adopted in this report to solve for X and Y. Having obtained the X and Y from model test data of
a desired case, Equation 8 can be immediately utilized for scaling purposes. A measured tone
pressure can be projected to that of a full-size propfan.

As explained in Section 3.2.1, the validity of the scaling procedure is based on assumed
similarities of both geometry and aerodynamic performance. The geometric similarity implies that:

_ (RT)Full-Scale

(R _ =
e’Full-Scale (RT)Model

) (Re)Model. (13)

The performance similarity gives the following relationship:

(Rp)py11-scale

- . (14)
(Shp)Full-Scale - [ (RT)Model ] (Shp)Model.

The preceding two relationships are used to scale tone pressure for propfans of different sizes
but of the same geometric and aerodynamic similarity conditions. In predictions for propfans of
different configurations and operating conditions, the desired numbers of blades and rotor efficiency
are substituted into Equations 11 and 12 to arrive at the corresponding values of D and E. It should
be noted that the region of validity for a given set of X and Y may be limited; consequently, the
prediction may not be valid, if the full-scale condition is not comparable to the model test condition
from which X and Y are derived.

In this report, a scaled tone of propfans is referred to all tones which are indexed by the same
values of the two integers, m and n, in Equation 8. However, tone frequencies change as the tone
pressure is scaled for various conditions. The scaled tone frequencies of a full-size propfan can be
written in terms of the associate model tone frequencies as:

(Me.co.Re)Full-Scale

(Me.co.Re)Model

. (15
(Tone Freq)Full-Scale (Tone Freq)MOdel' :

3.2.1.3 Results of Applying the Scaling Law

Three examples are given for evaluating the scaling law discussed in the preceding section. The
first example, Figure 16 (Views A through C), which involves comparison of Cell 41 data and flight
test data, demonstrates acoustic tone noise of a propfan being scaled up for size difference. The
second example, Figure 17 (Views A through I), evaluates the scaling law of Equation 8 for propfan
cases of the same geometric configuration which are operated under different conditions. In the third
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example, Figure 18 (Views A through I), the scaling formula of the second example is evaluated
against cases of different pitch-angle settings of the same propfan. In Figure 16, the data of Cell 41
(Test Point 1210) have been scaled up for a full-size engine. The difference between the test
operating condition and that of the selected case of flight tests has been ignored. Both cases have
F-7/A-7 design 8+8 blades. Because the forward and aft rotors have the same number of blades and
the same rotational speed, the steady-loading tones of each rotor and the interaction tones cannot
be distinguished at multiples of the BPF’s (blade passing frequencies).

Figure 16 (Views A and C) indicates good agreement between the scaled—up Cell 41 data and
the flight test data both of the tones at primary and at 3x the BPF. However, the difference of the tone
at 2xBPF between these two sets of data is significant; View B demonstrates an almost 10-dB
difference in the emission angle range from 700 to 100°. However, within that range, the dip in the
directivity pattern of flight test data is unusual to known patterns of steady-loading tones of a
propfan, and the peak SPL (sound pressure level) of the tone at 2xBPF is lower than that of the other
two tones. Effects of this difference is not significant to the total SPL of all three tones.

As another example, Test Points 5605 and 5606 of Cell 41 are selected to evaluate the scaling
law of Equation 8, which is applied to cases of different operating conditions. The two empirical
constants (X and Y) of Equation 8 are determined from Point 5606. Acoustic data of Point 5605 are
measured under different operating conditions than that of Point 5606. Estimations from the scaling
law are compared with measured data in Figure 17 (Views A through I) for Point 5605. In addition
to the comparison in each figure, predictions of the GE analytical model for propfan noise are
included as references.
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The comparisons between the data and estimations by scaling law show good agreement for all
tones at primary blade-passing frequencies of forward and aft rotors (F1+AQ and FO+Al tones). In
regard to other tone comparisons, the disagreements are especially prominent for the higher
frequency steady-loading tones as depicted in Figure 17 (Views B, C, E, and F). However, it has
been found that when a significant difference between the test data and scaling law estimations
exists, the estimations are always close to the analytical model predictions.

Pitch angles for Series 56 tests are set at 38.30 for the forward-rotor blades and 38.6° for the aft. The
third example (Figure 18) is intended to evaluate the extension of the scaling formula derived from a
test of Series 56 to Test Point 5805 of Series 58, for which the blade-pitch angles were set at 42.7°
and 41.4°. Because blade—pitch angles in the third example were reset, most of the tone directivity
comparisons indicate that the differences between test data and estimations by Equation 8 are larger
than the differences of the corresponding tone comparisons of the second example. However, com-
parisons of tones at primary blade passing frequencies still show good agreement. In addition, when
significant differences exist between estimations and data for tone directivities, it is observed again
(as in the previously cited example) that the scaling law estimations generally approximate the pre-
dictions of the analytical model.

3.2.1.4 Discussion of Scaling Law Application Results

In all three examples presented in the preceding section, the data and scaling law estimations
agree very well for F1+A0 tone and FO+Al tone. This implies that Gutin’s equation can be
effectively applied to scale F1+A0Q and FO+A1 tones, not only for propfan size difference, but also
for differences of operating conditions. In the third example, it is demonstrated that an empirical
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scaling formula can be borrowed and applied successfully, even for a case with different pitch angles
of propfan blades.

Unfortunately, disagreements between test data and estimations by scaling law are significant for all
tones except the F1+A0 and FO+A1. Either the tone pressure levels do not agree, or the directivity
patterns are different. One possible explanation for these discrepancies is that the generalized equa-
tion of Gutin derived in this report has accounted only for steady— and unsteady—loading noise;
whereas, actual tone pressure measured in a test may include thickness noise, unexpected installa-
tion noise, and noise from other unknown sources.

It was mentioned in the discussion of the second and third examples, that the directivity patterns
of F2+A0, FO+A2, F3+A0Q, and FO+A3 tones estimated by the scaling law have prominent peaks and
are similar to those predicted by the analytical model; nonetheless, they are quite different from the
flat patterns of the measured data. As a matter of fact, this discrepancy does not arise in the (first
example) comparison study of Cell 41 data and flight test data; all measured data seems to agree on
the flat patterns of the tone directivities. This raises the question of whether, in the theoretical
formulation, all of the possible noise sources have been included for the steady—loading tones of 2x
or 3x the blade—passing frequencies. For example, quadrupole sources are not included in Gutin’s
equation nor in the analytical model utilized in this report (References 8 and 9).

In the immediate future, to resolve the discrepancies and to afford an enhanced understanding
of the noise generation mechanisms of the propfans, there are two roles that scaling laws can play.
First, empirical scaling laws should be refined. Because they are by nature empirical formulas, these
scaling laws are ideal tools enabling the use of available data to identify and quantify the missing
pieces of noise sources that have not been included in the existing theoretical formulation.

Second, a refined scaling law has the potential to provide information of installation and wake
effects on propfan noise. According to the formal derivation of the scaling law (Equation 8), the two
empirical constants depend on the lump characteristics of wake effect on noise. When solved from
a set of test data, these constants can be further analyzed and provide important and needed
information to the study of interaction tone noise of propfans.

In summary, Gutin’s equation is cast in a general form, which can be used to estimate tone
pressure for both steady- and unsteady—loading noise generated by the counterrotation propfans.
The equation is used as a scaling law to scale tone pressure measured from tests to that of propfans
with different sizes, as well as those operated under different conditions. Results indicate
agreements and discrepancies between the estimations and test data. In order to resolve these
discrepancies, future improvement of the scaling law has been proposed.

3.3 Aerodynamic Design
3.3.1 General Aerodynamic Design Approach

The approach selected for acrodynamic design of the UDF (unducted fan) blade is the same
quasi—three dimensional approach utilized for a conventional ducted fan. Much of the technology
used in the aerodynamic design of these highly loaded, counterrotating blade rows is the same as
that established for engines with high bypass-ratio transonic fans. Principal design challenges in the
UDF® design are eliminating the choking of flow in the blade hub region, where the blade thickness
is the greatest, and minimizing passage shock losses due to the high through—flow velocities.
Another critical design challenge is the correct modeling and prediction of the 3D flow field in the
open tip region of the blades.
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Two effects identified as very important in the design of high performance unducted fan blades,
in contrast to ducted fans, are: large secondary flows that are generated at the tips of the blades, and
the use of aerodynamic sweep to reduce the effective Mach number. Both of these effects were
investigated during the design phase; accordingly, the blade airfoil shapes were specifically tailored.

The circumferential-average—flow solution is calculated for the UDF® configuration using the
optimum-loading distribution developed by Theodorsen for counterrotating propellers. When
executing the aero design, primary attention is focused on the top—of-climb design point. This is
where the blading Mach numbers are the highest and, therefore, where the greatest need for design
precision exists. The open tip condition is simulated in the flow calculation by employing a wall
boundary far removed from the blade flow field, such that only 10% of the total flow passes through
the blades. A calculation is also made with only 1% of total flow passing through the blades to further
assure that the boundary is not influencing the flow field in the blade region. The flow calculation
models the nacelle/nozzle flowpaths and the circumferential-average—flowpath through the blade
hub region.

Flow properties are calculated along 11 streamlines through the blades as well as 7 streamlines
above the bladetips. Numerous calculation stations are utilized, ranging from far upstream (of the
blades) to far downstream. Eight internal blade stations are also implemented in the calculation to
accurately represent the blade presence in the flow field. The lean and blade blockage terms are
incorporated in the radial equilibrium equation which is solved at each of these stations and
streamline grid locations. The resulting vector diagrams representing the Mach 0.72 aerodynamic
design point are utilized for setting the blade mean-line angles.

Airfoils are designed on the design stream surfaces using blade-to-blade analyses or cascade
concepts. In general, the airfoil designs need to recognize changes in lamina thickness and change
in radius of the stream surfaces from leading edge to trailing edge as well as the effects of blade
sweep and secondary flows.

The blade planform shape is chosen to afford optimum aeroacoustic sweep distribution and still
meet aeromechanical stability requirements. Initially, the blade axis is defined for each blade row
by radial distributions of sweep and tangential lean. A chord distribution consistent with the
spanwise loading distribution is specified. The airfoil sections are then defined along stream
surfaces from the blade tip to hub. Radial and chordwise thickness distributions are defined to satisfy
the aeromechanical stress and stability constraints; this, together with the blade mean-line angle
distribution, specifies an airfoil shape along each streamline.

The fully 3D blade is then analyzed using the GE Euler code to determine surface velocity
distributions. Several iterations on blade mean-line angle are made to improve the velocity
distributions and to reduce the passage shock strengths. Airfoil coordinates are defined at the hot
running condition (aero design point), but the cold manufacturing airfoil shape is defined by
applying appropriate deflections calculated from both air loads and centrifugal loads. Figure 19
depicts an example of the change in blade stagger and camber angles from static to running
condition.

Airfoils designed by this process are stacked to generate blades for manufacturing. Itis generally
necessary to iterate the blade design with the circumferential-average analysis to assure that the
latter contains the proper blade force and blockage distributions.
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3.3.2 Blade Configuration

Three unducted fan blade configurations (F-4/A-4, F-5/A-5, and F-7/A-7) were designed in
scale model size at the maximum—climb flight condition of Mach 0.72; 10,668-m (35,000-ft)
altitude. Two others, the F~11/A—-11 and F-21/A-21, were designed at Mach 0.80 maximum—climb.
All five blade designs were manufactured for scale model testing using the 0.62-m (24.5-in.)
diameter MPS rig. Table 5 summarizes the pertinent aerodynamic design parameters.

Mach 0.72 configurations were the earliest designs completed, each having 8+8 counterrotating
blades and a moderately high annulus loading (shaft power/Aa) of 86 HP/ft? at the aerodesign point.
The F—4/A—4 and F-5/A-5 were designed to study effects of blade-activity factors, while
maintaining the aero tip sweep and other parameters nearly the same. The F—4/A—-4 blades had 25%
more chord than the F-5/A-5 blades; both designs employed planforms with no hub sweep and
radially straight trailing edges. F-7/A-7 blades were designed with more aerodynamic sweep over
the entire blade span and with chord lengths similar to the F-4/A—4 blades. The planform shape of
the F-7/A—7 blades also differed from that of the F-4/A-4 and F-5/A-5, using forward sweep at
the hub and backward sweep at the tip. All Mach 0.72 configurations were designed for the nominal
rotor—to-rotor spacing of 10.57 cm (4.16 in.).

Table 5. Aerodesign Parameters of the Unducted Fan Configurations.

F-4/A-4 | F-5/A-5 |F-7/A-7 |[F-11/A-11 F-21/4-21

Design Flight Mach No. 0.72 0.72 0.72 0.80 0.80
Advance Ratio, J 2.80 2.80 2.80 3.12 3.12
Power Coefficient, PQA 4.15 4.15 4.15 4.63 5.58
Annulus LOadin§, Shaft 682 682 682 771 947
Power/Aa, kw/m
(HP/£t?) (85) (85) (85) (85) (118)
Number of Blades 8+8 8+8 8+8 1149 11+10
Total Activity Factor 2456 1968 2392 3780 3713
Tip Speed (R1), m/s 237.7 237.7 237.7 237.7 243.8%

(fps) (780) (780) (780) (780) (800)
Aero Tip Sweep, Degrees

(Forward/Aft) 19/20 15/18 34/31 37/34 45/25
Inlet-Radius Ratio 0.425 0.425 0.425 0.425 0.431
% Standard Day + 18° F Conditions




Figure 20 compares the radial distributions of the lift coefficients and solidities of the Mach 0.72
forward and aft blade rows. The lower solidity (F-5/A-5) blades have lift coefficients that are
approximately 25% larger.

The F-7/A-7 configuration was designed to scale of the full-scale demo engine UDF® design,
except that the model-scale blades were fabricated with a different composite-ply stiffness than
design intent. This affected the cold—to-hot transformation, resulting in airfoils with 2° to 4° more
camber than intended over most of the blade span at the high speed running condition.

The F-11/A-11 and F-21/A-21 configurations were designed at the Mach 0.80 maximum—climb
condition, with different numbers of blades in the forward and aft rotors. The F-11/A—-11 has 11 for-
ward and 9 aft blades; whereas, the F~21/A-21 uses 11 forward and 10 aft. Due to a higher design
Mach number (0.80), disk loading of the F~11/A—11 was higher than the earlier Mach 0.72 designs.
The disk loading at Mach 0.72 remained the same as the F-4/A—4,F-5/A-5, and F-7/A-7 configura-
tions. Larger chords and more blades (compared to earlier designs) were employed to both increase
the total activity factor and lower the blade-lift coefficients. The radial distributions of the
F-11/A-11 and F-21/A-21 blade solidities and lift coefficients are illustrated in Figure 21.

The F-21/A-21 configuration was designed for a 25% higher disk loading than the other
configurations at the Mach 0.80 maximum-climb condition; Figure 22 compares the radial load
distribution of the F-21/A-21 to the nominal load distribution of the other blade configurations. The
full-size blade diameter was reduced from 3.56 m (11 ft, 8 in.) to 3.05 m (10 ft), with the same total
horsepower. All of the designs employed Theodorsen’s optimum-loading distribution, which
concentrates the loading over the inner portion of the blade, out to approximately 60% span, then
falls off rapidly to 0% at the tip. The F-21/A-21 design also employed a higher tip sweep (45°) on
the forward blades. Figure 23 presents the radial distributions of aero sweep for each of these blade
configurations.

3.3.3 Axisymmetric Design Flow Analysis

The axisymmetric flow analysis was performed at the maximum~climb aerodynamic design
point for each configuration. Figures 24 through 28 depict the meridional view of the UDF®
configurations with the streamlines, calculation stations, and meridional Mach number contours
superimposed. Flow streamlines are calculated after the blade row work addition and losses are
input, along with the blade speed and freestream Mach number. The meridional Mach number
contours indicate the regions of the flow field where the highest through—flow velocities occur,
generally inside the blade rows where the thickness blockage reduces the effective flow area.

Higher flight Mach number designs, such as the F-11/A-11 and F-21/A-21, have local regions
inside and downstream of the aft rotor where the flow is at or very near a choked condition. These
designs were specified to have larger rotor-to—rotor spacings to reduce the effects of acoustical
interaction. Some area—ruling of the hub flowpath in the region of the blades was employed to
alleviate the choked conditions as much as possible. Upstream of the blades, the nacelle was shaped
to provide a gentle diffusion ahead of the forward-rotor leading edge. Downstream of the rotors,
the hub contour was designed to follow the direction of the exhaust plume for the demo engine.
Calculations for four of the configurations were performed for the full-scale (3.56-m diameter)
UDF demo engine, and then the blade coordinates were scaled to the MPS size, 0.62-m (24.5-in.)
diameter. The F-11/A-11 configuration was designed and analyzed in the scale model size, since
it was considered only for scale model testing.
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Figure 28. Meridional Mach Number Contours for F-21/A-21 (11+10).

3.3.4 Blade Planform Selection and Euler 3D Analysis

The blade planform shapes were defined early in the design phase to allow time for the detailed
aerodynamic cascade flow and aeromechanical stability analyses. The planform was shaped by
stacking custom-tailored airfoil sections along the swept and leaned blade axis. The airfoil
mean-line shapes were then finely tuned at all streamlines with several iterations, using GE’s
three—dimensional Euler code (Reference 10), commonly referred to as Euler 3D.

The airfoil shapes for each blade configuration were selected using the standard blade generator
code, making allowances for the sweep—end effects and secondary flow vorticity as described by
Smith in Reference 3. Single—rotor methods test cases of the axisymmetric flow field were set up
in order to process the 3D calculation obtained with the GE Euler code.

At the time these blade configurations were being designed, Euler 3D was in the early
development stage and was only capable of performing calculations for single-rotor cases. Since
then, the code has been modified to handle two-rotor cases, where one of the blade rows is
represented by flow—field source terms while the calculation is performed on the other. Euler 3D
calculation results for the forward rotors (F-4, F-11, and F-21) are presented in Figures 29 through
31. Aft-rotor methods test cases were run for the A—11 and A-21 blades and are shown in Figures
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32 and 33. Surface Mach number distributions for representative streamline sections also are
portrayed. Several iterations on blade mean-line shapes were performed in order to obtain the best
possible surface Mach number distributions.

The early F—4 design indicated a strong trailing edge shock near the tip; this was reduced
significantly in the shaping of the later F-11 blade design. Even though the freestream Mach number
was higher, the F-11 surface Mach number distributions were generally more favorable because of
the larger chord and tip sweep. The F-21 blades also had more favorable surface Mach number
distributions, but the additional loading and increased blade hub thickness adversely affected the
A-21 distributions (Figure 33).

3.4 Aeroacoustic Design and Design Evaluation
3.4.1 The Acoustic Model
Noise from counterrotating blade rows can be considered as a result of:
¢ Steady-loading and thickness noise of the forward rotor
e Steady-loading and thickness noise of the aft rotor

e Unsteady-loading noise resulting from the aft rotor interaction with the wakes shed
from the forward blades

o Unsteady—loading noise as a result of the interaction of the aft rotor with vortices
shed from the forward blade tips.

In addition to these, the installation environment also will affect the noise perceived, and
broadband noise cannot be ignored. The tool used to evaluate candidate counterrotating blade
designs from an acoustic standpoint is built upon experience gained by GE both in the analysis of
single—rotation propeller noise and in the modeling of compressor rotor wakes. References 11 and
12 provide a detailed description of this work. Extension of the single-rotation model to
counterrotation was conducted in two parts; the inclusion of tip—vortex effects was performed under
this contract, but the major portion of work was done “in-house,” under an IR&D (independent
research and development) project. The tip—vortex model is described in detail in Reference 13.

3.4.1.1 Steady Loading and Thickness

The steady-loading and thickness model used for both rotors resembles the formulation of
Hanson (Reference 14) and is described in detail in Reference 11. The model employs a source
description thatis noncompact in both the chordwise and the spanwise directions. The input required
for each blade row includes blade geometry, flight Mach number, and details of the blade
aerodynamic loads. The BPF harmonic noise for each rotor is calculated separately, and the axial
separation between rotors is taken into account when computing the observed sound.

3.4.1.2 Rotor-to—Rotor Interaction Noise

Two models are employed in the prediction of unsteady—loading noise as a result of aft—rotor
blades passing through flow disturbances generated by the forward rotor. The tip—vortex noise
model (which calculates noise resulting from the interaction of the second rotor with vortices shed
from the tips of the forward—rotor blades) was developed under this contract and is described in
detail in Reference 13. The rotor-wake noise model (which calculates noise resulting from
interaction of the second rotor with viscous wakes shed from the forward rotor) was developed under
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an in-house IR&D technology program, building on previous GE experience in the modeling of
compressor rotor wakes. In both of these models, the blades are assumed to be acoustically
noncompact in the spanwise direction only. The blade geometry (in terms of sweep, lean, blade
chord, blade—pitch angle, and pitch-change—axis spacing) is taken into account in the modeling.

3.4.1.3 Near—Field Cabin Noise Considerations

A semiempirical near—field model, developed for single—rotation propfans and described in
detail in Reference 11, is included in the noise model. Additional factors involved in the calculation
of cabin noise include: noise generated by the airplane—fuselage boundary layer; cabin-wall
reflection and refraction effects, and transmission losses through the cabin wall. These factors are
included in the model in the following manner:

¢ Fuselage Boundary Layer Noise

— The noise spectrum is calculated as a function of boundary layer thickness
(Reference 15). One-third—octave levels obtained thusly are added to the
previously calculated one-third-octave tone spectrum levels (including effects
of cabin—wall reflection and refraction) to determine the resultant level on the
cabin wall.

¢ Reflection and Refraction

— These effects rely on user input; possibly as a result of exercising a model such
as that described in Reference 11. A default value of +6 dB, which corresponds
to in—phase reflection, is present in the program.

¢ Transmission Losses

— Data on cabin—wall insulating materials tend to be viewed as proprietary by
aircraft manufacturers. The information used in the model is taken from
Reference 16 and, again, can be overwritten by the user.

3.4.1.4 Data/Theory Comparisons

Figures 34 through 36 show tone comparisons between data and theoretical predictions for both
low speed, flight Mach No. 0.25, and high speed, flight Mach 0.72, conditions. In both instances,
the blades under consideration are those designated as F-7 (forward rotor) and A7 (aft rotor). Low
speed data are taken from an 11-forward plus 9-aft (11+9) blade configuration tested in the GE Cell
41 anechoic facility. High speed data are taken from an 8-forward plus 8-aft (8+8) blade
configuration tested in the 8x6 wind tunnel at the NASA Lewis Research Center, and in the BTWT
(Boeing Transonic Wind Tunnel). The degree of agreement between measurement and prediction
for both low— and high-speed cases is considered sufficient to justify the use of this model in the
evaluation of candidate blade designs.

3.4.2 Aeroacoustic Evaluation of Candidate MPS Blade Designs
3.4.2.1 Basis of Comparison

The candidate blade design parameters used in this study are tabulated in Table 6, and planform
shapes are presented in Figure 37. They fall into two main categories; those designed to operate at
a flight Mach No. of 0.72, and those designed to cruise at a higher speed, namely Mach 0.8.

Because these blades were designed for different missions, in Table 6 two options are given for
disk loading (in terms of thrust per unit annulus area); and two different blade diameters are used.
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Table 6.

MPS Blade Design Parameters.

Configuration F-4/A-4 F-5/A-5 F-7/A-7 F-11/A-11 F-21/A-21
Design Mo 0.72 0.72 0.72 0.8 0.8
Number of Blades 8+8 8+8 8+8 1149 11+10
Tip Sweep, degrees (1) 19 15 34 37 45
Tip Sweep, degrees (2) 21 18 31 34 25
Activity Factor (1) 150 120 147 180 173
Activity Factor (2) 157 126 152 200 121
PCA Az/Dt__1 0.17 0.17 0.17 0.32 0.25
Annular Loading, Demo Demo Demo Demo Product

(Fn/AAann)
Dtl Used (m) 3.4 3.4 3.4 3.4 3.05

It was felt that the only valid comparison for evaluation purposes was to predict the noise from each
set of blades, since they generated the same thrust, but to adjust the diameter of the rotors to maintain
the differences in design blade loading. The operating conditions at which the MPS blades were

evaluated are listed in Table

7.

3.4.2.2 Results of Comparison

Figure 38 provides a “bottom line” comparison of the five blade designs. Further details are
presented in the Task II report.

Table 7. MPS Blade Acoustic Evaluation Conditions.
R1 Tip

Condition | Thrust (N) Speed (m/s) Range (m) Mo
Sideline 73,392 253 512 0.25
Cutback 43,146 229 732 0.25
Approach 15,234 183 122 0.22
Cruise 19,611 238 2 *
% 0.72 or 0.80 Depending on the Blade Design Point
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For the low speed designs, the levels calculated for the F-5/A—5 blading are consistently higher
than those for the F—4/A—4 and F-7/A-7. Table 6 and Figure 37 show that these blades have both
lower sweep and reduced blade chord (leading to increased blade loading) relative to the other two
designs. These factors adversely affect the noise. On the other hand, F-4/A-4 blades have similar
chords to the F~7/A~7 but, again, reduced sweep. In all cases, their noise is predicted to be higher
than that of the F-7/A-7.

The high speed designs, F-11/A-11, indicate that benefits of increases in blade number, spacing,
and blade area (as shown by the large activity factors for F-11/A—11) are manifest under the
community noise conditions of sideline, cutback, and approach. The cruise case reflects the result
of the increase in flight speed (and, hence, helical tip Mach number), together with the effect of the
increase in blade number. The predicted increase in noise under these conditions is due, in part, to
the increase in thickness (volume displacement) noise resulting from those very changes in chord
and blade number that were of benefit under community conditions. Conclusions to be drawn from
this study are that:

e Ofthe M, =0.72 designs, the F~7/A—7 — with its higher sweep and “nominal” chord
— is predicted to be quieter than both the F-4/A—4 and F-5/A-5 designs.

e The M, = 0.80 designs are predicted to be quieter under community noise
conditions, owing to the increases in blade number, blade row spacing, and blade
area. However, when combined with the higher cruise Mach number, these
increases lead to higher noise levels under high speed conditions.

3.4.3 Tip-Vortex-Interaction Investigation for Counterrotating Propellers

The acoustic signature of a counterrotating propeller is rich in tonal content which can be
ascribed to various noise—generating mechanisms at work. The analytical modeling of these
mechanisms will provide a better physical understanding which, in turn, will assist in evolving a
methodology for low noise designs. Principal noise mechanisms associated with the tonal spectrum
of the counterrotating propeller are:

e Steady-loading and thickness noise of each rotor

e Unsteady-loading noise generated by the aft rotor as a result of interaction with the
wake shed by the forward rotor

o Unsteady-loading noise generated by the aft rotor due to an interaction with the tip
vortex of the forward rotor

¢ Unsteady—loading noise generated by either rotor due to the presence of a rotating
potential field of the other rotor.

This section documents the work accomplished on analytically modeling the unsteady-loading
noise due to tip—vortex interaction. The physical process involved in the generation of the tip vortex
of these propulsors is similar to that of fixed wings; that is, a static pressure differential between the
pressure and suction sides of the airfoil in the tip region of the wing results ina flow from the pressure
to the suction side which, ultimately, rolls up into a tip vortex. This process can be explained using
finite—wing theory; that is, the effect of a reduction in the span of a wing from infinity to a finite
length may be viewed as the effect of a removal of tip vortices extending indefinitely in the direction
of the span and a replacement of these vortices by trailing vortices connected at their downstream
ends by starting vortices (Reference 17).
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Analytical modeling of the upwash field (gust) created by the tip vortex of the forward propulsor
at the aft propulsor LE (or 1/4 chord) is based on an approach previously taken for fan—tone noise
(Reference 12). This approach consists of modeling the tip vortex as a free vortex (that is, I =
constant, Vg a 1/r) with a forced vortex core (within the core, Vg a r); the strength, size, and
streamwise development of which are empirically modeled. The gust field of the tip vortex at the
aft rotor determines the unsteady-lift response of the aft rotor blade and, hence, the additional
unsteady-loading noise due to the tip vortex.

3.4.3.1 Counterrotating Blade Tip Vortex Model

This section briefly describes the aerodynamic model developed for predicting the gust field at
the aft rotor due to the tip vortex of the forward rotor. This data is used to evaluate the fluctuating
lift and the associated unsteady loading or interaction noise of the counterrotating propellers. The
quasi-3D (quasi—three—dimensional) aerodynamic model of the forward rotor exit flow field
employs a streamline-by—streamline approach (Reference 3 provides a detailed description). The
velocity field induced by the tip vortex of the forward rotor at the aft rotor is computed first for a
coordinate system rotating with the forward rotor. A coordinate transformation of this velocity field
relative to the aft rotor is performed; this yields the upwash velocity perturbations from the
freestream value for the aft rotor. The upwash velocity perturbations exhibit a periodicity coinciding
with that of the forward rotor. Fourier analysis of the upwash waveform yields the upwash gust
harmonics distribution. The twist of the forward rotor blade from hub to tip causes a time/phase lag
between the flow field from the hub and tip regions impinging on the aft rotor blade. This spanwise
distortion and clocking of the rotor wake/vortex “sheet” as it convects downstream results in a
spanwise phase variation of the wake/vortex field. The analysis for predicting this phase lag due to
the twist of the rotor blades was developed under a previous GE IR&D (Independent Research and
Development) project and is described in Reference 3. The spanwise distribution of the gust
harmonics, along with the above—described aerodynamic phase, gives a complete description of the
gust field impinging on the aft rotor.

Computation of the fluctuating lift force on the aft rotor due to the upwash gust is performed next
by using the classical (incompressible) unsteady lift response theory of Sears (Reference 18),
modified to take compressibility effects into account according to a procedure developed by Amiet
(Reference 19). The fluctuating lift force forms the right-hand side of the wave equation, whose
formulation and method of solution are described briefly in Section 3.4.1 of this report.

The following paragraphs briefly describe the tip—vortex model development and the procedures
followed in establishing certain empirical relationships associated with the tip—vortex model.
Nomenclature for the equations presented in these paragraphs is defined in Table 8.

The tip vortex model has evolved from a similar model for computing secondary flow vortices
(in and behind a ducted rotor blade passage) which are dominated by the tip clearance leakage flow
(References 20 and 21). The tip vortex model assumes the existence of a core that contains all of
the shed vorticity, so that the motion outside is irrotational. Figure 39a is a sketch of the radial
variation of tangential velocity (V0) induced by the tip vortex and the associated circulation of the
vortex. Obviously, even at large distances from the vortex center, sufficiently large swirl velocities
exist, in terms of VO/(VO)nax. It should be noted that the current tip vortex model does not include
an effect of an axial velocity component of the tip vortex; however, this will be included in future
work, as detailed data become available.
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Table 8. Nomenclature for Tip Vortex Model Equations.

Radius of the core of the tip vortex

Aspect ratio (span/chord)
Radial distance of the center of the tip vortex from rotor tip

Tangential loacation of the center of the tip vortex in the interblade passage relative

to wake centerline

Number of blades in the forward rotor
Number of blades in the aft rotor
Chord

Axial Chord

Local section drag coefficient
Circulation index (Equation 13.1)
Local section lift coefficient
A-weighted dB level

Tip diameter

Tip diameter of forward rotor

Tip diamter of aft rotor

qth harmonic of steady loading and thickness noise of forward rotor
(see Equation 26)

rth harmonic of steady loading and thickness noise of aft rotor
(see Equation 27)

rth harmonic of aft rotor unsteady noise due to qth gust harmonic
Hub/tip ratio
Empirical constant for tip vortex trajectory (see Equation 25)

Aircraft Mach number

Spinnding mode number of rth harmonic of aft rotor unsteady noiise due to qth gust

harmonic of forward rotor
Exponent for decay of circulation of tip vortex (see Equation 22)
Overall sound pressure level
Perceived noise level
Gust hormonic
Radius
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Table 8. Nomenclature for Tip Vortex Model Equations.

r Radial distance from center of vortex core
Rpub Hub radius

Riip Tip radius

Ryx Radial location of tip vortex

R Tip radius of forward rotor

rpml RPM of forward rotor

rpm?2 RPM of aft rotor

S Blade—to-blade tangential spacing

S Streamwise distance

SPL Sound pressure level

Sup Blade-to-blade tangential spacing at the tip
UDF Unducted fan

Vasc Aircraft flight velocity

Vtip Tip speed

Vq Tangential velocity created by tip vortex

(Vo)max Maximum value of tangential velocity created by tip vortex

Vs Freestream velocity

Wac Wake centerline defect (relative to forward rotor)

WEs Freestream velocity (relative to forward rotor)

X,y Coordinates of the unwrapped annulus (see Figure 39b)
Xg Axial distance from pitch change axis of forward rotor

XPCA Axial distance between pitch change axis

Zux Axial location of tip vortex

Greek Symbols

r Circulation

(Dwx Circulation of the tip vortex

) Semiwake width

T Tip clearance

0] Angular velocity of the tip vortex
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In the case of the ducted fan rotor, the tip vortex model superimposes a row of combined forced/free
vortices and an image row on the opposite side of the annulus wall to enforce the zero normal
velocity at the wall. Figure 39b depicts a sketch of unwrapped annulus with both the tip vortices and
the image vortices. The vortices are located ata periodic tangential spacing that is equal to the blade
spacing. The spanwise and the tangential (+y and +x directions, respectively) velocities outside the
tip vortex core were determined by using an extension of Lamb’s solution (Reference 22) for the
induced flow field about two infinite rows of vortices of finite radius, as modeled (Figure 39b).
Reference 13 provides the detailed formulation.

For the unducted fan, the annulus wall does not exist. This is mathematically modeled by
increasing the value of the tip clearance to a large value, so that the effect of the image vortex is made
negligible. Figure 40 compares the gust spectra at three spanwise locations for increasing values of
tip clearance. The nondimensional tip clearance shown in Figure 39b is tip clearance divided by the
forward rotor chord at the tip. Typical values of for ducted fanrotorsare 0.01.It is seen that when
7 is increased by a factor of 1000, the solution has converged so that even an increase in 7 does not
alter the results. For the sake of completeness, gust harmonic spectra for the case of no tip vortex
(that is, wake alone) are also presented (Figure 40).

Although the tip vortex is seen to have considerable influence on the gust harmonic spectra at
the tip streamline and at the streamline which is 89% of the span from hub; the gust harmonic spectra
at the hub are not affected by the tip vortex. Also note that the gust spectral levels without the tip
vortex (that is, wake alone) in the tip region are much lower in amplitude, compared to the hub
region. This is because the smaller spacing and larger chord at the hub yield smaller values of
streamwise distance/chord ratio which, in turn, makes the wakes stronger at the hub (compared to
the tip).

The gust spectra (with the tip vortex) at the tip streamline and the streamline 89% of the span
from hub demonstrate a different character. Based on the tip vortex trajectory model, the 89%
streamline is very close to the region of impact of tip vortex on the aft rotor. The gust spectral levels
at the 89% streamline are seen to be higher than for the tip streamline. The gust harmonic falloff for
increasing values of the gust harmonic “q” is also lower for the 89% streamline (compared to the
tip streamline), indicating a sharp profile for the gust waveform near the point of impact of the tip
vortex.

Computation of the flow field created due to the tip vortex can be performed if one knows both
the:

e Circulation of tip vortex at the axial station of interest Tvin)
¢ Radial and tangential coordinates of the tip vortex (by and by).

The experimental data reported in Reference 23 contained information on the variation of
(VFg)max and radius of the vortex core of a uniform NACA-0012 airfoil (with an aspect ratio of 6),
setatan angle—of-attack of 7.5°, at two freestream velocities (70 and 100 fps). Vortex measurements
were made with a yawhead pressure probe from 10 to 30 chord lengths downstream of the trailing
edge. The experimental data chosen from Reference 24 were obtained on a NACA-0012 airfoil of
an aspect ratio of 6 at a freestream velocity of 110 fps. The variation of tip vortex radius with
angle—of—attack was measured at approximately six chord lengths downstream of the trailing edge
using a vorticity meter. The applicability of the data (based on the wing configuration) to the
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significantly swept UDF® blade geometry should be verified once experimental tip vortex data can
be obtained from these UDF® blade configurations.

Empirical corrections for (VO)gax/(VeoVCL and a/(cv/CL)were developed by employing
a linear rational function of the type (Reference 12):
_dx+e
Y= x+1
where d, e, and f are empirically determined constants, and y could be (V8)may/(Vo/CL) Or
a/(cvCL),and x = s/c.

(Ve)max _ 0.024 (s/c) + 0.5586

v, JCL T 0.0504 (s/c) + 1.0

Constants d, e, and f in Equation 16 were determined through an iteration scheme aimed at
minimizing the standard deviation (Reference 12 provides more details). The following cor—
relations yielded minimum standard deviation:

(16)

= Y(s/c) (17)

where:
(VO)max = maximum tangential velocity of the tip vortex
Vo = freestream velocity
CL = local section lift coefficient
s = streamwise distance
c = chord
and
= SR G T = 26/ (18)

L
Figures 41 and 42 demonstrate these correlations, along with the data for:
(Ve)max and —3
Vo :/CL c UCL ’ _
respectively. The empirical corrections provided in Equations 17 and 18 can be improved by adjust-

ing the constants d, e, and f when more detailed experimental data for the UDF® blades become
available.

By definition, the circulation of the tip vortex is:
2n

(r = vy) a do 19
vtx e'=/o‘ 3] max (19)

n
f v, JCI Y(s/c) ¢ J'C—L Z(s/c) de
6=0

2n (Ve) a
max
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Figure 43 shows the correlations given by Equations 17 and 18 and the computed circulation
(Equation 19), along with the data. It is seen that the maximum tangential velocity decreases with
s/c; whereas, the radius of the vortex core increases with s/c, and the tip vortex circulation initially
rises and then shows almost no decay over 10 to 30 chord lengths. The absence of a decay in the
circulation of the tip vortex noted in the above set of data has been confirmed on full-scale aircraft
tip vortex measurements for up to 1,000 chord lengths downstream of the aircraft (Reference 25).
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Figure 43. Representative Correlation and Data for the Streamwise Vari-

ation of Normalized (V8)n.x, Radius, and Circulation of the
Tip Vortex.

The linear-rational-function correlations employed for (VO)na and radius of the vortex core
simulate this behavior of the tip vortex very well. Certain limitin g forms of (T'), are examined next.
For example:

At (s/c) =0 (r)vtx =2n V. c CL (0.5586 x 0.0014) (20)
or
(N
vtx _
n V< = 0.000782
For large values of s/c:
(M
Lin vtx | _ (0.024> (0.01584) = 0.040994 (21)
(s/c) » @ [Zn V. ¢ CLJ 0.0504 0.184

Hence, for large values of s/c, the circulation of the vortex reaches an asymptotic value which
is higher than the value at the trailing edge. The initial rise in tip vortex circulation (as indicated by
these correlations) may be viewed as a result of the initial roll-up of the shed spanwise vorticity into
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a well-defined tip vortex. Thus, the correlations seem to represent some of the physical features
exhibited by the wing tip vortices. Unfortunately however, for the UDF® configurations, the range
of the s/c value (that is, spacing between the forward and aft rotors) is less than 5.0; within thisrange,
there is a lack of data, as evidenced by Figures 41 through 43.

Flow-field visualization studies conducted on helicopter rotors (Reference 26) show that the
shed tip vortices for rotating blade rows diffuse within one to two revolutions, and the distinction
of the tip vortices is lost. However, no quantitative information exists regarding the circulation of
(V8)max or radius of such rotating tip vortices for use in modeling the decay of rotating tip vortices.
The more rapid decay of rotating tip vortices (compared to translating tip vortices) may be due to
the relatively larger turbulence and more efficient mixing processes prevalent in the near field of
a rotating blade row, compared to a wing in translation wherein the decay could be due
predominantly to viscous dissipation. In the absence of applicable information regarding the decay
of the tip vortex for an unducted rotor, different power law decay rates are proposed for the current
model:

) 1

vtx a 1+ s/c)l'l (22)

Figure 44 demonstrates streamwise variations of normalized tip vortex circulation for three
decay rates (that is, 1} =0, 1/4, and 1/2); the exponential value that was used for tip vortices of the
ducted fan rotor was 1/2 (Reference 12). The presence of the annulus wall and the large number of
blades of a ducted fan rotor would cause a faster diffusion of tip vortex, compared to the unducted
fan rotor; hence, v = 1/4 is proposed as the exponent for the tip vortex decay rate of an unducted
fan. The influence of the decay rate on the acoustic predictions of unducted rotors will be examined
through parametric studies in Section 3.4.3.2.2.

Next, an empirical relationship is developed for the trajectory of the tip vortices employing the
flow visualization data (Reference 26) which were obtained for helicopter blades in a typical hover
mode. All of these data indicated that tip vortices move radially inward for increasing axial distance,
which is ascribable to the stream tube contraction (Figure 45).

Linear—rational—function correlation methods (Reference 12) were used again to develop an
empirical relation for the trajectory of the tip vortex. Linear—rational functions are applicable if the
dependent variable shows a monotonic trend with the independent variable. Since the radial
movement of the tip vortex with axial distance is monotonic, approaching an asymptotic value,
linear—rational function was chosen. The empirical relationship which yielded minimum standard
deviation is:

Rvg - 12 (2 ) /Rysp * 1.0 23)
Rtip 16 (thx)/Rtip + 1.0
where

Ry radial location of core of tip vortex
Z.: axial location of core of tip vortex.

Since the formulation for tip vortex (see Figure 39b) uses by =Ryp— Ruixs Equation 23 is written

in terms of b:

br thx 4 (thx) /Rtip

=1- = 24
Reip Rerp | 16 (g /Regp * 10 (24)
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There is a lot of scatter in the data for large values of Z/Rp; this, mainly, is a result of the
uncertainty in defining the tip vortex at large values of Z/R;;, due to the diffusion of the tip vortex.

The development of Equation 24 is based on the data base for helicopter rotors. The HTR for
helicopter rotors is approximately less than 0.1; however, the HTR for the UDF® blades is
approximately 0.4. This introduces some amount of uncertainty regarding the applicability of the
tip vortex trajectory correlation of Equation 24 to the UDF® configuration. Due to the lack of a data
base for the higher values of HTR, the general form of the tip vortex trajectory for UDF® blades

is assumed from Equation 24 as follows:

br Kvt:_g (thx)/Rtip (25)
)/R + 1.0

Res 16 (thx tip
where K, is an adjustable constant.

tip

For a given HTR, the tip vortex trajectory can be expressed in terms of a blade span percent of
the tip by: (by/R;p)/(1-HTR). For example, the value of b/Ryjp = 0.1 translates to about a 17% span
from the tip, with HTR = 0.4. On the other hand, the value of by/Ryjp = 0.1 approximates Kyix to be
2 for Zy/Rp = 0.3. Thus, the value of Ky for the UDF® blades should be chosen with
consideration of blade geometries, forward and aft rotor spacing, aero performance, etc., which
would affect the tip vortex trajectories. The value of Ky was assumed to be between 0.5 and 2.0,
based on a flow—field computation performed using GE’s in-house codes. The parametric
evaluation of the tip vortex trajectory on the unsteady noise due to the tip vortex is reported in Section
3.4.3.2.2 Again, a detailed experimental data base will be required to obtain the proper value of Kyix
for the UDF® blade configurations.

3.4.3.2 Model Evaluation

The aerodynamic model for the tip vortex of counterrotating propulsors (described in Section
3.4.3.1) is evaluated in this section by:

1. Parametrically evaluating the effect certain key parameters (such as: tip vortex
trajectory, decay rate, and extent of clipping of the aft rotor) have on the acoustic
characteristics of the counterrotating UDF® propulsors.

2. Comparing selective acoustic data and predictions of the counterrotating UDF®
propulsors, aimed at evaluating the tip vortex model.

Additional data/theory comparisons and parametric studies are discussed in Reference 13.

Due to the relatively low values of solidity over most of the span, UDF® propulsors may be
viewed as isolated airfoils in computing the gust harmonic spectra resulting from impingement of
the forward rotor wake and the tip vortex on the aft rotor. Hence, the unsteady gust model developed
by Kemp and Sears (Reference 27) was selected for predicting the gust harmonic spectra of unsteady
loadings induced by the tip vortex and the rotor wakes.

3.4.3.2.1 Parametric Studies

The studies described in this section parametrically evaluate the effect of certain geometric and
aerodynamic parameters of the tip vortex on the acoustic charac— teristics of a counterrotating
propeller. The principal objective of these studies was to develop an understanding of the sensitivity
of the acoustic characteristics to certain key geometric and acrodynamic parameters of the tip vortex.
The parametric studies described herein are:
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¢ Influence of tip vortex trajectory (K, sensitivity)
¢ Influence of decay rate of tip vortex (1] sensitivity)
¢ Influence of progressive clipping of the aft rotor.

For the parametric studies, standard F-7/A-7 blade design parameters are used to calculate the
gust harmonic spectra and unsteady loading noise through the present model; Figure 46 portrays a
planform of these blades. The parametric studies are performed based on the aeroperformance data
of TP (test point) 3706 of a 90% rpm case with 9x8 F-7/A-7 blades at a take—off Mach number,
obtained from GE Cell 41. For an unequal blade number configuration (such as, 9x8) butequal rpm,
the steady loading and thickness noise and the noise due to wake/tip vortex interaction occur at
distinctly different frequencies (Reference 14), as listed below:

¢ Steady loading and thickness noise of forward rotor

ml
fiq=q* r%O *Bl q=1,2,3, ... 26)

where f;4 is the qth harmonic of steady loading and thickness noise of the forward rotor, and B1 is
the number of blades in the forward rotor, and q = 1 corresponds to BPF (blade passing frequency),

-q = 2 corresponds to 2xBPF of forward rotor, etc.

¢ Steady loading and thickness noise of aft rotor

rpm2 _
fszr =r* 60 *B2 r= 1, 2, 3. (27)
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where f;,; is the rth harmonic of steady loading and thickness noise of the aft rotor; B2 is the number
of blades in the aft rotor; and r = 1 corresponds to BPF; r=2 corresponds to 2x BPF of the aftrotor, and
SO on.

e Noise due to wake/tip vortex interaction

— qQq=1, 2, 3 ...
qur - fslq * str’ r=1,2,3 ... (28)
For equal rpm’s (say, rpm1 = rpm2 = rpm), normalized frequencies are defined as:
= fslq
= —— ,q=12,3 ..
fslq (rpm/60) qB 1 q 1 3 (29)
- f%r
=—= _=rB2,r=1,2,3.. 30
t= om0y ~ B2 T )
and f 1,23
- _ qu - q = ’ b4 b4 .
qur" (rpm/60) =qB1 +1B2, r=1,2,3, .. (31)

The spinning mode numbers associated with steady loading and thickness noise of forward and
aft rotors are qB1 and rB2, respectively. The spinning mode number associated with the noise due
to wake/tip vortex interaction is given by:

qur = rB2 - qu (32)
where myq is the spinning mode number of the rth harmonic or aft rotor unsteady noise, due to qth
gust harmonic of forward rotor.

Table 9 lists the tone designation, fwqr, my,q, q, and r for increasing frequencies for a 9x8 blade
configuration. Figure 47 is a schematic of the steady loading and unsteady loading noise spectra for
the 9x8 blade number configuration.

In the following parametric studies, the sensitivity of each parameter was examined indi—
vidually by varying the particular parameters from the basic stage of each. The value of each
parameter at the basic stage is given as C; = 2.0, Ky = 2.0, b/S = 0.5, and 1 = /4.

Influence of Tip Vortex Trajectory

The influence of the tip vortex trajectory on gust spectra and its consequent influence on the
interaction noise were studied by parametrically varying the Kvtx (see Equation 25).

Figure 48 indicates the predicted influence of the tip vortex trajectory on the gust harmonic spectra at
three streamlines in the tip region. As K increases, the tip vortex moves radially inward. At the tip
streamline, the gust harmonic spectrum for Ky = 0.5 has the highest levels (compared to Ky =1 and
2), since the tip vortex for Ky =0.5 is closest to the tip streamline. For the 89.1% streamline, the gust
harmonic spectrum for Ky = 1 has the highest levels com— pared to Ky =0.5 and 2, since the 89.1%
streamline is closer to the tip vortex point of impact when K = 1. However, for the 70.1% stream-
line, gust spectrum levels for Kvtx = 0.5 and 1 are about same. This indicates the tip vortex effects
induced by Ky =0.5 and 1 are minor at this streamline location. The gust spectrum levels for
Kyx = 2 are quite different from others. The noted relative dominance of even-numbered gust har-
monics over odd—numbered gust harmonics is due to the fact that the tangential location of the tip
vortex is at the midpassage.
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Table 9. Normalized Acoustic Frequencies and Spinning
Modes Associated with Wake/Tip Vortex Inter-
action for a 9 x 8 Blade Number Configura-

tion.

Tone -

Designation fwqr Mwqr q r
(A+F) 17 -1 1 1
(2A +F) 25 7 1 2
(A +2F) 26 -10 2 1
(3A+F) 33 15 1 3
(2A +2F) 34 2 2 2
(A+3F) 35 -19 3 1
(4A +F) 41 23 1 4
(3A +2F) 42 6 2 3
(2A +3F) 43 -11 3 2
(A +4F) 44 -28 4 1
(SA+F) 49 31 1 5
(4A +2F) 50 14 2 4
(3A +3F) 51 -3 3 3
(2A +4F) 52 -20 4 2
(A+SF) 53 -37 5 1

f-wqr - Normalized acoustic frequency
Mwgqr - Spinning mode

q - Forward rotor gust harmonic

r - Aft rotor acoustic harmonic

———  STEADY LOADING AND THICKNESS NOISE
= ===~ UNSTEADY LOADING NOISE TO WAKE/TIP VORTEX INTERACTION
= Bl= 9; B2= 8
w
z
5 1 I i gy peemn
[ I i 111 R
| | ! I | : N !
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Figure 47. Schematic of a Narrowband Acoustic Spectrum of a
9 x 8 Blade Number Configuration.
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Figure 49 shows the influence of the tip vortex trajectory on each individual interaction tone at
an observer angle of 91 along with the data. Apparently, the sensitivity of Kyx on the acoustic
predictions is insignificant. This probably happens because the gust spectra at different radial
locations are enhanced for different values of Kyix. The comparisons between data and predictions
indicate that the Kvtx values do not improve the accuracy of the model. The differences between
the predictions and data (up to 10 dB) are noted in Figure 49.

Figure 50 shows the influence of tip vortex trajectory on the directivity of tone SPL sum of
interaction noise. Variations in the tip vortex trajectory do not significantly alter the interaction tone
SPL sum; however, the trajectory parameter does significantly affect the interaction noise prediction
for the clipped aft rotor blades configuration, as shown in the subsequent parametric studies.
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Figure 49. Predicted Influence of Tip Vortex Trajectory on Each Inter-
action Tone at Observer Angle of 91°.
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Influence of Decay Rate of Tip Vortex

Also investigated was the influence of the decay rate of the tip vortex on gust harmonics. As
discussed in Section 3.4.3.1, a power law decay rate was proposed for the circulation of the tip
vortex:

1

Dvex ¢ 5 oon (33)

The cycle corresponds to a typical cutback. Figure 51 demonstrates the predicted gust harmonic
spectra for tip vortex decaying with different rates at the streamlines of the tip and 70.7% span from
the hub. The case of no tip vortices also was included for the sake of comparison. For this study, K
= 2.0 and b¥/S = 0.5 are used.

The gust spectral levels for the nondecaying tip vortex are the highest. As the rate of decay
increases from O to 1/4, to 1/2, the gust spectral levels decrease monotonically.

Influence of Progressive Clipping of Aft Rotor

The tip vortex is a noise—generating mechanism. By clipping the aft rotor to minimize inter—
actions between the tip vortex and the aft rotor blades, the interaction noise is reduced. This
phenomenon has also been verified from the GE in-house UDF® acoustic data base. The thrust loss
due to clipping and the associated required reduction in shp (shaft horsepower) can be made up either
by increasing the rpm, or loading of the aft rotor; however in this parametric study, no attempt has
been made to recover thrust loss resulting from clipping. This study was conducted with the
objective of discovering the sensitivity (relating to the percent clipping of the aft rotor) on noise
reductions. Consequently, this study considered four values of percent span clipping (5%, 10%,
15%, and 20%), in addition to 0% and 25% span clippings. Figure 46 presented the planforms of
the standard F-7/A—~7 and the F-7/A-7 with 25% clipping of span on the aft rotor.

Thrust and shp data are available only at 0% and 25% clippings for M, =0.25. Figure 52 shows
the assumed interpolation of the thrust and shp of the aft rotor with the end points (0% and 25%
clipping) coinciding with data for the 90% rpm case.

The steady loading and thickness noise and the wake/tip vortex interaction noise occur at
distinctly different frequencies for unequal blade number configurations (Figure 47). As illustrated
in Figure 12, tones associated with the steady loading and thickness noise were summed on a
mean—squared pressure basis; this is also true for the tones associated with the wake/tip vortex
interaction noise. Figure 53 demonstrates the predicted effect of progressive clipping of the aft rotor
on the sum of steady loading and thickness noise. It is evident that the steady loading and thickness
noise reduces uniformly as the percent clipping increases, a reflection of the assumed performance
of clipped aft rotor (Figure 52). Predicted effect of the clipping sensitivity on the interaction tones
is portrayed in Figure 54; whereas, the predicted effect on the OASPL (overall sound pressure level)
is presented in Figure 55.

As discussed previously, unsteady loading interaction tone predictions depend on many
empirical correction parameters. To predict the clipping effect on the interaction noise, the tip vortex
strength (C;) and the tip vortex tangential location (bt/S) were fixed at 2.0 and 0.5, respectively.
Figure 54 (View A) shows the predicted effect of progressive clipping of the aft rotor on wake/tip
vortex interaction noise by using Cy4 = 0.02 and Kyix = 2.0. A value of C4 = 0.02 induces the strong
rotor viscous wakes which control the interaction noise generation and reduces the influence of the
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tip vortex. Since the tip vortex effect is small with a combination of these C4 and Ky, the clipping
effect is also shown as small (Cq = 0.02).

On the other hand, View B of Figure 54 shows the significant clipping effect when the drag
coefficient is reduced to 0.005 to amplify the effect of the tip vortex. With the value of Ky, = 2.0,
the tip vortex is located approximately at 17% span from the tip of the aft rotor; thus, a large reduc-—
tion in interaction noise is obtained by going from 15% to 20% clipping, and there are no reductions
for percent clippings less than 15% span, as evidenced in Figure 54, View B.

The predicted clipping effect with Cq = 0.005 and K = 1.0 is depicted in Figure 54 (View C),
where the only difference between Views B and C is the reduction of Ky (from 2.0 to 1.0). With
Kwx = 1.0, the tip vortex center is located at about 8% span; thus, a significant noise reduction is
observed with the 10% and 15% clippings. Hardly any noise reduction is noted for clippings less
than 5% or greater than 20%, since the influence of the tip vortex is concentrated at approximately
8% span.

Figure 55 (Views A through C) reveals predicted OASPL directivities for the various percent
clippings with values of C4q and K corresponding to those used in Figure 54 (Views A through C,
respectively). The OASPL reduction due to the aft rotor clipping is clearly shown, but the
magnitudes of reduction are not as significant as those of the interaction noise. This is primarily due
to the relatively high levels of the aft rotor steady loading and thickness noise.

This study has demonstrated that the current tip vortex model can be used to predict the
interaction noise reduction that can be attained by the clipping of the aft rotor. However, to determine
the optimum value for percent clipping of the aft rotor, in terms of noise reductions at a nominal
thrust loss, the empirical correction parameters of the current model need more refinements. This
effort is currently in progress as part of a GE IR&D project.

3.4.3.2.2 Data - Predictions Evaluation

Systematic data/theory comparisons are performed to evaluate the applicability and limitations
of the current tip vortex model. Figure 46 provided a planform of the standard F~7/A~7 blade design,
along with the clipped aft rotor. Narrowband acoustic data, measured at Cell 41 for the F-7/A—7
(standard and clipped) blade geometries at a freejet Mach number of 0.25 and an axial distance of
0.2408 between pitch—change axes angle, were used to perform the following comparisons of data
and theory. The acoustic data have been transformed from the freejet situation to an equivalent flight
situation by accounting for the refraction effect of the freejet shear layer using ray theory, in order
that a one-to—one comparison of data and theory can be performed. These comparisons, as discussed
below, refer to a 90% rpm case (Test Points 3706 and 4110). Test Point 3706 is for the standard A—7
blade, and Test Point 4110 is for the clipped A-7 blade. For Test Point 4110, the aft pitch angle was
opened to recover the thrust loss due to clipping, but the rpm was maintained to be the same for both
standard and clipped configura— tions. Figure 56a identifies the shp and pitch angle data. The
narrowband data employed has a bandwidth from 6 Hz to 5 kHz. Since the BPF is at about 1 kHz,
the narrowband data contains tones up to about 5 harmonics of BPF.

Figure 56a compares measured and predicted directivities of the tone SPL sum of all of the steady
loading and thickness noise for standard and clipped aft rotor blades. The tone SPL sum was
obtained by adding only the tones associated with the steady loading and thickness noise of the
forward and aft rotors on a mean-squared pressure basis. The measured reduction in steady loading
noise due to the clipping of the aft rotor is well predicted; the directivities also are in relatively good
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agreement. Figure 56b compares the measured and predicted steady loading and thickness tones for
standard and clipped aft rotor at an observer angle of 105 . The measured and predicted reductions
in tone levels of the aft rotor BPF and its harmonics, indicated by 1A and 2A, due to clipping are
in good agreement. The measured and predicted tone levels of the forward rotor BPF and its
harmonics (denoted by 1F, 2F, and 3F) are also in good agreement. Actual tone data reveal a slower
falloff with an increase in harmonics, as compared to the predictions; this may indicate the presence
of some inflow distortion into the rotors.

Figure 57 compares the predicted and measured tone SPL sum for wake/tip vortex interaction
noise for unclipped and clipped aft rotor cases. As previously discussed, the interaction tone
predictions are sensitive to the empirical constants utilized in the tip vortex model. Therefore,
several sets of the empirical constants are tested in the following data/theory comparisons and are
specified in each figure. The term “no tip vortex” in the figures indicates that the tip vortex model
was turned off for the specific predictions and that, these interaction tones are induced only by the
forward rotor viscous wakes. The tone SPL sum was obtained (as in the case of steady loading and
thickness noise) by adding all of the interaction noise tones on a mean—squared pressure basis.

The predictions presented in Figure 57a were performed using the empirical constants of Cq =
0.02,C; =2, Ky = 2.0, and bt/S = 0.5 for the tip vortex model. As discussed, the value of Cq=10.02
produces such strong viscous wakes that the tip vortex effect is masked. However, the predictions
with no tip vortex indicate that the clipping blade increases the interaction tone sum, which
contradicts the data. The predictions in Figure 57b are performed with a C4 of 0.005; results indicate
the accurate predictions of the clipping effect, but with the underpredictions of the SPL. Without
the tip vortex model, Figure 57b shows that predictions for both the standard and clipped blades are
underpredicted and that, the interaction tone noise is still higher for the clipped case than for the
standard case. Figure 57c presents the predictions made with the same empirical constants used in
Figure 57b, except C;, the strength parameter of the vortex, is increased to 3.0. With this set of
parameters, the data/theory comparisons show good predictions for the standard aft blade
configuration; however, the inaccurate prediction of the clipped blades was still present. Since
predictions with no tip vortex are not affected by the K,x and C; values, the no tip vortex
comparisons in Figures 57b and 57c¢ are identical to each other.

Next, data and theory comparisons of the individual interaction tone directivity contained within
the interaction tone sum of Figure 57c are examined utilizing the empirical constants of Cyq = 0.005,
C; =3, Kux =1 and bt/S = 0.5. Figure 58 compares predicted and actual data for 1A+1F, 2A+1F,
1A+3F, 2A+2F and 3A+1F interaction tones (Table 9 identifies these interaction tones), both with
and without the tip vortex model. For each interaction tone, the predicted AdB between standard and
clipped aftrotors is in better agreement with the data for cases with tip vortex influence, as compared
to those without tip vortex. Note that predictions for the clipped aft rotor (with or without the tip
vortex model) have altered only slightly. However for most individual interaction tones, the
predictions for the standard aft rotor with the tip vortex model have increased, relative to those
without the tip vortex model. In general, it is obvious that the current acoustic prediction model
including viscous wake/tip vortex model can not predict accurate individual interaction tones, even
though (as demonstrated in Figure 57) the interaction tone sum can be well-predicted.

To examine the effect of the rotor viscous wake alone, Figure 59 demonstrates the predicted
spanwise variation of the streamwise distance per chord, normalized wake centerline defect, and the
semiwake width for Test Point 3706, with the Cy values of 0.02 and 0.005. This figure does not
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Figure 60. Comparison of the Measured and Predicted Effect of
Clipping of the Aft Rotor on Steady Loading and
Thickness Noise for 80% rpm.

contain the tip vortex effect. Itis seen that due to relatively large s/c values in the tip region, the wake
has decayed much more (compared to the hub region). The semiwake width determines the shape
of the gust harmonic spectra, and the wake centerline defect determines the amplitude of the gust
spectra (Reference 12). The harmonic falloff rate increases as the semiwake width increases. The
amplitude of the gust spectra increases witha corresponding increase in the wake centerline defect.
Due to the deeper (larger values of the wake center— line defect) and the narrower (smaller values
of semiwake width) wakes in the hub region, compared to the tip region, the gust harmonic levels
that are due to wake alone are much higher in the hub region tham in the tip region. Therefore, the
contribution of the wakes from the outer 25% span in the tip region probably is not a significant
contribution to the total interaction noise. Accordingly, the outer 25% span of the aft rotor was
clipped; the total interaction noise is not predicted to be much different from the standard blade case
(for the wake alone model).

A set of data and theory comparisons also were generated for 80% rpm for standard (Test Point
3704) and clipped (Test Point 4104) aft rotor blades. Aeroperformance data for these two test points
are contained in Figure 60, where the pitch angle of the clipped aft rotor is opened more (than that
of the standard aft rotor) to recover performance loss caused by the clipping. Figure 60 compares
the measured and predicted directivities of the tone SPL sum of steady loading and thickness noise
for standard and clipped aft rotor configurations. As in the case of 90% rpm (Figure 56a), the
predicted reduction in steady loading and thickness noise due to clipping of the aft rotor is in
relatively good agreement with the data.

Figure 61 compares measured and predicted effects of clipping of the aft rotor on interaction tone
SPL sum, with and without tip vortex model. The predictions are performed with the empirical
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Figure 61. Measured and Predicted Effect of Clipping of the
Aft Rotor on Interaction Tone SPL Sum With and
Without the Tip Vortex Model (Cq = 0.005, C; = 3,
Kyex = 1.0, bt/S = 0.5).

constants of Cqg = 0.005, C; = 3, Ky = 1, b/S = 0.5, as in Figure 36 of the 90% rpm case. As in the
case of 90% rpm (Figure 57), when the tip vortex model is included in the predictions, the predicted
AdB between standard and clipped aft rotor is in better agreement with the data, as compared to those
where the tip vortex model is not included. The predicted AdB with the tip vortex model between
standard and clipped aft rotor, however, is greater than the measured AdB. Since the C; (or stren gth)
of the tip vortex is computed based on the average lift coefficient over the outboard 30% of the span
in the current model (Reference 13), the strength of the tip vortex is reduced at lower rpm; hence,
the prediction at 80% rpm (due to clipping) is seen as lower than that predicted at 90% rpm. The
measured AdB due to clipping at 80% rpm is seen as greater than that at 90% rpm (Figures 57¢ and
61). Hence, the predicted change (with the tip vortex model) of the effect of clipping with rpm
contradicts other data with this particular set of empirical constants.

Figure 62 summarizes the comparisons for the measured and predicted effect of clipping of the
aftrotor on 1A+1F, 2A+1F, 1A+2F, 3A+1F, 2A+2F, and 1A+3F interaction tones at 80% rpm, with
and without tip vortex. Figure 62 indicates that predictions for the standard aft blade are in relatively
good agreement with the data using the tip vortex model, although data/theory comparisons for the
clipped blade need improvement. In general, the predicted AdB (due to clipping of the aft rotor)
when the tip vortex model is included is still in better agreement with the data, as compared to those
predictions not including the tip vortex model.

These comparisons of data and theory show that the current model can be utilized to investigate
the noise characteristics of the UDF® blade configuration and can, eventually, become a useful
design tool when the empirical constants used in the present model will be determined accurately
from well-controlled experimental studies.
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3.4.3.3 Conclusions and Recommendations Related to the Tip Vortex
Needed

This report has documented the analytical modeling, limited data and prediction comparisons,
and certain key parametric studies pertaining to the tip vortex as a part of the noise-source mech—
anism for unsteady loading noise of counterrotating propellers. The viscous rotor wake effectis also
modeled in order to compute the unsteady loading noise. The upwash field created by the combined
tip vortex and the viscous rotor wake was analytically modeled employing an approach previously
taken for fan tone noise. The strength, size, and streamwise development of the tip vortex are
empirically modeled, based on fixed wing and helicopter rotor data. The present work should be
considered as a basic frame model containing a number of empirical constants. These constants
connot be defined accurately at the present time, due to insufficient aerodynamics data for the UDF®
blades configurations. However, the model had been structured in such a manner that it can be
improved and refined with minor modifications when detailed UDF® aerodynamics data become
available. Some of the significant conclusions and recommendations for future work are presented
in the following sections. '

The following significant conclusions are a product of the above—described analyses:

e The measured reduction in interaction noise due to clipping the aft rotor is very well
predicted by the tip vortex model; however, the wake alone model (that is, without
the tip vortex) could not predict the measured reduction in interaction noise due to
clipping.

» Tip vortex trajectory does not have a noticeable impact on the interaction noise for
the standard aft blade configuration; however, it controls the effectiveness of the
clipping on interaction noise levels for the clipped aft blade configuration.

e The decay rate of the tip vortex has a significant effect on the noise reduction
achievable due to an increase in rotor—to-rotor spacing.

Various physical parameters of the tip vortex, such as the tangential location and strength of the
tip vortex, had to be extracted from the measured acoustic data. Animproved aerodynamic model
of the tip vortex would reduce the amount of empiricism in the model. These improvements can
be attained either through experimental measurements of flow fields or through flow—field
computations.

An axisymmetric model is recommended for the tip vortex (rather than an unwrapped annulus
model), because of the significant geometric and aerodynamic radial variations of the blades. Such
an approach may require a numerical solution rather than the analytical (closed form) solution that
has been possible with the unwrapped annulus or rectilinear array of vortices adopted in the existing
model.

In the current tip vortex model, an axial velocity component of the tip vortex has not been
considered, which may affect the upwash perturbation velocity as much as the tangential component
of the tip vortex.

3.5 Aeromechanical Analysis and Design Evaluation

Like any other device that operates in air, counterrotating blades could experience aero—
mechanical or aeroelastic vibration problems, which in turn, could lead to mechanical failure. This
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is caused by the physical interaction of an elastic structure with the air. Examples of aeromechanical
problems may be gleaned from aircraft wing, turbine engine airfoil, helicopter blade, and
single-stage propeller technologies. The role of aeromechanics in propeller and fan blade
development is twofold. First, it assures the mechanical safety of the propulsion system during the
development phase and durability (long life) of the production design. Second, it provides
understanding through analyses of aeromechanical problems so that such problems can be predicted
and, thus, avoided during the design phase of a propulsion system. The helicopter rotor blade,
single-stage propeller, and fan in a turbine engine are the closest relatives of counterrotating blades.
Aeromechanical problems associated with these propulsive devices are expected to be pertinent to
the aeromechanical design of counterrotating propulsion devices. Rotation of propellers/blades
introduces centrifugal forces and an inherent periodic or cyclic loading on the blades and supporting
structures which, due to their proximity, experience dynamic interactions that are mechanical or
elastic and aerodynamic. Therefore, in the planned work it was important to review and identify the
potential aeromechanical problems that could be encountered by counterrotating blades and to
evaluate and analyze the selected designs for these phenomena.

Some of these phenomena, particularly those unique to counterrotating blades, have not been
fully studied, and the implications are only marginally understood. For this reason, the
aeromechanical efforts in this program were divided into the following three areas:

e Identify and define potential aeromechanical problems of unique counter— rotating
blade concepts developed for this program

* Survey and review the criteria and analytical methods for the most pertinent
problems

® Implement these criteria and analyses to evaluate prospective designs and assist in
the identification of optimal aeromechanical design configurations consistent with
desired aeroacoustic performance.

3.5.1 Aeroelastic Analyses

The linearized boundary-value problem for cascades both in steady— and unsteady—
compressible flow is formulated in the GE GAP (General Aeroelastic Program), Figure 63, in terms
of potential acceleration (or pressure), instead of velocity, for load evaluation of the blades. This
acceleration potential is used for all three flow regimes (subsonic, transonic, and supersonic) for
convenience, consistency, and other intrinsic advantages. One of these advantages is that the integral
equation which relates the known downwash on the blade surface to the unknown pressure
differential distribution over the blade need only be extended over the blade area, since the pressure
jump across the wake is zero. Another advantage is that the known downwash distribution due to
blade motion, which is explicitly defined, is not part of the integration; this is demonstrated by
Equation 33. The 2D (two—dimensional) integral equation relating pressure and downwash
distributions is given by the following general form, which is applicable to all pertinent flow
regimes:

1
ﬂvil - & _[1 A, (E)K(x-£)dE (33)

where
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w(x) = velocity amplitude normal to the blade surface (downwash) at any chordwis
station x

B = J1-MZ in subsonic flow,
= JMZ-1 in supersonic flow, and M is the relative Mach number

VR = the relative velocity
ACK( E)= % is the chordwise pressure differential distribution
R

Ap(E) = the pressure difference along the blade chord
P = the fluid density

K(x-E)  =the 2D kernel function which physically represents the contribution to the airfoil
surface velocity at a point x, due to a pulsating pressure doublet of unit strength
which located at & on the airfoil surface.

Equation 33 is the integral equation to be solved for the unknown chordwise pressure differential
coefficient distribution, ACy(&), since both the kemel function, K(x-E), and the downwash, w(x),
are known quantities. The general expression for the downwash (required on the left-hand side of
Equation 33) is given by:

- (J’ bt §—x> 2(x) (34)

R

where k = wb/Vp is the reduced frequency, based on the semichord, and z(x) is the instantaneous
small displacement of the chordline. When z(x) is expressed in terms of modal displacements, Equa-
tion 34 becomes:

wix) = ik a
e Z (%‘ + a") A%, G

for modal steady (k = 0) and unsteady aero load evaluation. This approach is employed in the GAP
for evaluation of both steady— and unsteady—pressure and for steady aeroelastic, flutter, and forced
vibratory response applications.

3.5.1.1 Steady Aerodynamic Load Evaluation

The steady modal aerodynamic loads required for steady—state aeroelastic response evaluation,
including chordwise mode shapes, are represented by the following:

{Quq! (36)
m
{Qr}A = [A,ﬁ; A;; er;] {Qza}m
{Q

115



and

{F. }
1r o 37)
_ r r r
{Qrk}A - [%x+ Az+ 6 +] {FZ }
m m m m
{Fy }
m
where
{Qxa}m = [sin Bym] {L3 (38)
{Qz“}m = [cos Bym] {L,}
_ , (1)
Q) = )
and
F = [sin 6_ ] {Lr
{ 1r}m [si v, . (39)
_ = r
{Fzr}m = [cos Gym] {Lm}
(£ = U]
and
Ar+, A;+ = the rth nondimensionalized mode shapes in the x+ axis, respectively,
m m at the x+ chordwise stations
9§,+ = the rth slope of the mode shape about the y+ axis at the Xy chordwise
m stations
) = the difference between the camber slope and the stagger at the xp
Y chordwise stations.

Chordwise distribution of elemental flexible modal loads Lr and moments M’ * are evaluated
from the steady—state chordwise pressure distributions by substituting Equation 35 with k =0 in the
downwash on the left side of Equation 33, which becomes:

1
. | )
uvzl = ; 8;(x)qr = g7 Jq AC,(OK(x-£)dE. @)

The modal elemental loads and moments are evaluated for each mode shape and will be of the
form:
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1 2 3 r .
Lm’ Lm’ Lm’ ceey Lm with qr = 1
1 I2 ’3 ,r .
M'm, MY, M m? e M with q = 1

forr = 1, 2, ..., number of modes to be analyzed.
3.5.1.2 Flutter Analysis

The chordwise pressure differential coefficient distribution AC,(E) is now complex and a
function of reduced frequency.

Unsteady modal aerodynamic loads required for flutter analysis, including chordwise mode
shapes, are obtained with Equations 37 and 39; an evaluation of blade flutter (instability) is
determined from the solution of the dynamically coupled modal equations given by:

M) {63 ¢ [eieMul) fa ) = (o100 + Q) (41)
with

where

]
o

[M;x] = the modal mass matrix
gr = the rth modal structural damping at speed
©, = the rth blade frequency at speed

[Qx]a = the unsteady generalized aerodynamic force matrix, where Qrk is the rth mode
force induced by the kth deformation made at speed

Q: ¢ = the rth mode unsteady gust loading
qr = the rth generalized coordinate
k=r = the number of modes in the analysis, = 1,2,3,...

Simple harmonic motion is assumed throughout this analysis, which states that:
: qk = = (U)) 2 qk .

Flutter is obtained from the solution of Equation 41 when the total damping, aero plus structural,
becomes zero.

3.5.1.3 Forced Response Analysis

Inflow distortion patterns are usually presented in the form of absolute total pressure or absolute
velocity distributions as the combination of superposed radial and circumferential components. For
compatibility with forced vibratory response prediction methods in the GAP, either of these
distributions is transformed into radial and circumferential components of downwashes. A given
arbitrary inlet pressure or velocity distortion pattern will first be transformed into an inlet distortion
pattern of velocity downwashes prior to being decomposed into its Fourier harmonics. For instance,
Figure 64 presents an arbitrary circumferential absolute total pressure pattern for two spanwise
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point-by-point to a circumferential gust incidence amplitude distortion pattern (Figure 65). The
resulting circumferential gust incidence pattern is then decomposed into its Fourier components to
yield:

a. = o + E : a sin nwt (42)
G G - G
avg n=1 n
where

OGavg = the average circumferential gust incidence amplitude to distortion

AGn

The average circumferential gust incidence amplitude for the clean inlet reference pressure or
velocity characteristics is merely the steady-state spanwise blade LE incidence distribution. To
obtain baseline gust incidences, clean inlet or reference harmonic gust incidence amplitudes are also
evaluated since these may also produce significant resonant vibration stresses.

the nth harmonic gust incidence amplitude.

il

Unsteady loads (due to unit sinusoidal gust downwash) are generated from the unsteady
subsonic, transonic, and supersonic programs presently available in the GAP as is shown in Figure
63. Evaluation of gust amplitude and phase variation along the blade span due to arbitrary inlet
distortion patterns is presented below.

The sinusoidal gust incidence amplitude is shown in Reference 28 to be of the form:

¥s
% = ag exp[Jw(t-xb/VR)]

(43)

where oG contains the n-harmonic-incidence amplitudes given by Equation 42 for any arbitrary
inlet distortion pattern at any spanwise blade station. The sinusoidal gust amplitude for the nth har-
monic at the blade tip, for instance, can be written as:

W
<v§)n = an exp[j(nwt-nkx-q;tip)]. (44)

Since periodicity is assumed, the circumferential position of the n—harmonics in the above equation
is immaterial as long as all blade spanwise phase angles are referred to a common, or reference, cir-
cumferential position as depicted in Figure 65. Equation 44 can be rewritten as:

(:—;-)n = an qu’ (cos knx -j sin knx)ejnwt (45)
where

nw = n{2 (at resonance)

k, = m,b/V; is the reduced frequency of the rth vibration mode

W, = Q (N/rev)/60 (at resonance).

N/rev = n denotes the engine order integers; also the number of blade passages per revolution.
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From Equation 45, the unsteady sinusoidal gust amplitude to be introduced into the loads
calculation is:

-j¢

Unsteady gust amplitude = ¢; € ° 7, (46)
n
and the unsteady loading for a unit sinusoidal gust downwash is:
W .
(-£> = (cos k x -j sin k x)eant. (47)
VR n n n

Atresonance, the reduced frequency corresponds to k, = (n2)b/V at a given spanwise blade station
since the semichord b and the relative inlet velocity VR vary along the blade span. The phase angle
is obtained from the harmonic decomposition of the distortion pattern at all spanwise blade stations
for each harmonic n. Thus, both the phase angle ¢ as well as the amplitude 0g, atany spanwise blade
station will vary for each harmonic n.

The unsteady pressure distributions Cp(&), due to sinusoidal gusts, are evaluated by substituting
Equation 45 into the kernel function, Equation 33. The dynamically coupled modal equation for
forced response evaluation is shown in Equation 41 where, for forced response, {Q:}g = 0. Also,
the harmonic motion assumption is now of the form:

Ejk = -(nw)2 q = -(oQ)? Qs (48)

following Equation 45.

Substituting Equation 48 into 41 and solving this latter equation for the complex generalized
response gk for each harmonic n by direct inversion yields the following:

= [ g v {onsp e - ] ] e @

The unsteady modal generalized aerodynamic loads [Q:]A and gustloads {Q;}c are functions
of the reduced frequencies k, = (n€2)b/Vg , as defined in Equation 45.

It should be noted that Equation 49 has a full “rxr” matrix, as utilized in this program, and not
a series of “r”” uncoupled matrices since the unsteady generalized aerodynamic matrix [Qrk]A is not
a diagonal matrix. Without this aerodynamic matrix, only the structural damping gr would provide
the vibratory deflection amplitude at resonance for vibratory stress evaluation.

3.5.2 Stability Analyses

An evaluation of the stability of the UDF®/MPS blades was conducted by utilizing GE’s GAP
(Figure 63); the GAP code was verified by comparing its predictions against experimental data from
several turboprop blade designs.

The CDR provides a detailed description of the correlations with the NASA SR-3 and SR-5
blade stability predictions obtained from using the code with test data. This comments on the effects
of cascading (number of blades in a given stage) and chordwise deformations on the stability
characteristics of swept turboprop blades.

Analysis of the turboprop blades indicated that chordwise variation of the mode shape (referred
to as “mode—shape slope”) is a key parameter in influencing the stability of a given aero design.
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Since the mode-shape slope and its spanwise variation can be controlled by judiciously selecting
the ply definitions (material properties, orientations, and stackup) on composite blading, such as that
of the MPS blades; the mode-shape slopes have become one of the main design parameters.

Aeromechanical design of these blades is accomplished in two phases. In the preliminary design
phase, the designer evaluates candidate ply definitions for a selected aero profile of the blade. This
evaluation is accomplished by checking mode-shape slopes against preliminary design rules
(Figures 66 and 67), obtained through compilation of test/analysis data from numerous turboprop
blade designs. These rules identify stable and unstable combinations of mode—shape slopes and
reduced frequencies for the fundamental modes, 1F (first flex) and 1T (first torsion). If one of the
candidate ply definitions satisfies the preliminary design guidelines comfortably, it is adopted in the
design release for blade fabrication. Using the GAP code for quantitative design records, final
aeromechanical evaluation of a design release is conducted.

Most of the candidate designs usually fall in the “gray” boundary zone which separates the stable
and unstable regions. The reason for this is that every new design selected represents an incremental
venture in extending the known state—of—the—art design technology. A full stability audit, utilizing
the GAP code, is conducted on those designs which do fall in the gray area. This audit identifies the
following if the blade is unstable:

e Modal diameter of the potential flutter response

¢ Instability frequency (which could be significantly different from the normal mode
frequency)

e The dominant vibratory pattern

e Behavior of aerodynamic damping versus interblade phase angles in normal modes
oThe effects of cascading, density variation, changes in mode—shape slopes, and
increases in relative Mach number in the blade channels.

This information provides the designer with insights for design tradeoffs. Each subsequent,
improved design is again judged on the basis of mode-shape slope versus reduced frequency, against
the background of the detailed flutter analysis previously performed. A comprehensive flutter
analysis is then conducted on the final design before the blade is released for fabrication.

Stability analyses were performed for several UDF® blade configurations as part of this
contract. These configurations are identified as: F-4/A-4, F-5/A-5, F-7/A-7, F-11/A-11, and
F-21/A-21.

Stability estimates for the F-4/A-4 and F-5/A-5 are shown in Figures 68 and 69, respectively.
These stability plots are in terms of the aerodynamic damping coefficient, g,er0, versus the interblade
phase angle, . In other more familiarterminology, the damping (gaer0) corresponds to the loss factor,
M, orto &/m where 3 is the logarithmic decrement, or to 1/Q where Q is the synchronous amplification
or quality factor. The interblade phase angle () is related to the response nodal diameter through

Y= 360°n/Np where n is the nodal diameter, and Ng is the number of blades in the stage. Thus, for
the MPS 8+8 configurations, y=45°n. Note that y=0-180° corresponds to FTW (forward traveling
waves), and that y = 180° — 360° corresponds to BTW (backward traveling waves).

There were two ply layups for the F-4/A-4 and F-5/A-5 blades; they are discussed in greater
detail in Section 4.1. The first set of these blades had 5-mil, 80%/20% graphite/glass plies; the
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second set had outer plies of 2.5-mil 100% graphite, which is the new ply layup referred to in Figures
68 and 69 (Views B, each). From these analyses, both the F-4/A-4 and the F-5/A-5 blades were
adjudged to be stable for both the takeoff and cruise conditions.

Figure 70 presents results of the stability analyses for F~7/A-7 blades with the 13°—ply
orientation and rigid hub for takeoff and cruise conditions. As shown, the F-7 blades were predicted
to be stable at both operating conditions, but the A—7 blades were predicted to be marginally unstable
at takeoff (only about 3% structural damping is required for stability) and unstable in a
three—nodal-diameter BTW at cruise.

As illustrated in Figures 71 through 73, F-11/A-11 blades were analyzed for the 11+9
configuration at the cruise condition only. Figure 71 shows the original F-11 blade to be marginally
unstable for the 1T mode in a one-nodal-diameter BTW. Another analysis was made for the F-11
blade with 10% trailing edge clipped (Figure 72) which demonstrated the clipped blade to be stable.
A stability assessment of the A-11 blade (Figure 73) proved this blade to be stable at cruise.

Preliminary analysis of the F-21 blade indicated that it was less stable than the F-~11 blade.
Consequently, the detailed stability analyses of the F-21 blade concentrated on a 10% TE clipped
blade (designated F-21c), as shown in Figures 74 through 76; once again, only the cruise condition
was analyzed. It can be seen in Figure 74 that the F-21c may be unstable in the 1T mode in a
one-nodal-diameter BTW.

Further analyses were performed by varying the response frequency at the least stable interblade
phase angle, y = 327.3° (this type of analysis serves to determine the response frequency and
damping of the complete aeroelastic system). The results, illustrated in Figure 75, prove the F-21c¢
blade to be unstable in the 1T mode responding at about the 2F frequency; that is, the 2S (second
system) frequency. It should be noted here that the MPS stability analyses were made with full-scale
UDF® finite element models with the ply thicknesses scaled appropriately. Thus, the flutter
frequency of about 96 Hz in Figure 75 scales to 474 Hz for the MPS F-21c. Another F-21¢ analysis
was made at 90% speed for the cruise condition (Figure 76); this reveals the F-21c¢ to be marginally
unstable (only about 3% structural damping is needed for stability) at this reduced speed condition.
Figure 77 demonstrates the results of the stability analysis for a 10% TE clipped A-21 blade at the
cruise condition. This shows the potential for a 1F instability in a three-nodal-diameter BTW. (The
A-21 blade was manufactured thicker than the design intent so that it was stable throughout the
testing.)

As demonstrated by the above, the various stability analyses have been expanded throu ghout the
MPS experience. Early analyses were naturally influenced by past experience with ducted
turbo-blading. Thus, the investigations were conducted in the =0 - 180° regime (Figures 68 and
69) where FTW have been observed in ducted turbomachinery instabilities. Once it was learned that
unducted fan instabilities are manifested through BTW, the analysis was extended to Y = 360°.

Another deviation from ducted turbomachine aeromechanical experience was the mixed—mode
instabilities which occurred in the MPS testing (Figure 75). As opposed to single-blade-mode
instabilities, observed even in NASA SR-3 and SR-S series testing, mixed—mode instability occurs
when one of the blade modes (mode shapes) responds near the frequency of another mode. This was
first observed during F-7/A~7 testing where the A-7 blades experienced instability in the 2F
(second flex) mode at the 1A (first axial) frequency. Thus, the stability analyses were expanded
again.
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Once the particular was determined to be critical (least stable in the usual g,ero Versus ¥ plots),
the third dimension of the stability analysis was examined using a “frequency sweep” at the least
stable interblade phase angle (Figures 75 and 76). In this part of the analysis, the reduced frequencies
used to calculate the unsteady aerodynamic coefficients are varied about the nominal values which
correspond to the blade hot shape.

For the composite material used in the construction of the blades, the relatively low
structure/fluid mass ratio can result in significant modification of the blade structural dynamics.
These changes in blade frequencies and mode shapes arise from the effects of the homogeneous,
unsteady aerodynamics in the form of “virtual mass” and “virtual stiffness” terms, as well as mode
cross—coupling effects. The magnitude and sign of the frequency modification depends on blade
mode and flight condition. The frequency sweep then serves to determine the frequency and
damping of the complete aeroelastic system. The GAP frequency sweep stability analyses for
mixed—mode instabilities has correlated well with MPS test data, as demonstrated in Table 10.

3.5.3 F-7/A-7 Forced Response Analyses

Using the analytical methods described in Section 3.5.1.3, forced response analyses were made
for the F~7/A—7 blades and compared with the MPS AOA (angle-of-attack) test data at the
following conditions.
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Tunnel Mach, MPS

0.72
0.40
0.25

MPS

2, 8
5,14
5,16

AOA, degrees

Blade response was predominantly at 1/rev and 2/rev engine orders. The 1/rev response at M =
0.72 was analyzed with the GAP utilizing the procedures listed below:

¢ Evaluate the vibratory stresses for each blade mode (1F, 2F, 1T, etc.)

¢ Evaluate the 1/rev incidence and phasing due to angle—of-attack along the blade
span, and introduce this distribution into the GAP unsteady—gust program

* Evaluate the modal deflections utilizing the distortion portion of the GAP
¢ Calculate the physical vibratory stresses by superposition of the modal deflections.

Results of this analysis are shown in Figure 78 to be in good agreement with the test data herein
presented for comparison.

Table 10. MPS Test/Prediction Stability Correlation.
Prediction Test Data
A-7,; 13° Ply | 2F Mode at 1A fn = 351 Hz 2F Mode at 1A fn = 380 Hz
(A/M Hub) (Cell 41, M 0.25)
A-7, 35° Ply | 2F Mode at 1A fn = 351 Hz 2F Mode at 1A fn = 380 Hz
(A/M Hub) (Cell 41, M 0.25)
A-7, 13° Ply | 1T Mode at 2F fn = 336 Hz 1T Mode at 2F fn = 354 Hz
(Fixed) (Boeing, M 0.6)
F-11 1T Mode at 2F fn = 530 Hz (2n) 1T Mode at' 2F fn = 540 Hz
(Fixed) = 510 Hz (1ln) (NASA, M 0.8)
F-21 1T Mode at 2F fn = 474 Hz 1T Mode at 2F fn = 480 Hz
(Fixed) (NASA, M 0.8)
Note: fn denotes blade natural frequency
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4.0 MECANICAL DESIGN AND FABRICATION

Under this contract, candidate counterrotating UDF blade configurations were identified.

Selection of a high fan radius ratio (nominally 0.42) facilitated the desired higher disk loading
design by permitting an increased total activity factor without problems with hub crowding. Blade
hub solidity determines the extent to which blades may be moved into reverse pitch and, together
with hub thickness/chord ratio, largely determines the onset of hub choking.

In addition, the high radius ratio was used advantageously to lower the blade aspect ratio
(nominally 2.4) while also adopting a low (by propfan standards) per blade activity factor of 150.
This was expected to result in a stiffer, more rugged blade with lower tip losses.

With these considerations in mind, theoretical studies led to adoption of a baseline design
configuration of 0.425 radius ratio and 8+8 blades of 150 activity factor. Engine performance for
this configuration was estimated by scaling the results of advanced propeller prediction techniques
and was subsequently verified by comparison with SR—3 blade test data.

This baseline configuration, designed for Mach 0.72 flight, analytically exhibited good
propulsive efficiency at that condition. Follow—on aerodynamic studies, however, indicated that
careful selection of the nacelle shape would enable this configuration to be flown at Mach 0.8
without hub choke.

Having identified a baseline counterrotating blade configuration, a program was defined to
generate a data base for this baseline design and to investigate significant perturbations from it;
specifically, variations in the following design parameters:

e Number of Blades e Activity Factor
¢ Radius Ratio ¢ Blade Sweep
¢ Tip Speed ¢ Disk Loading

Consequently, five blade configurations, represented by the forward blade planform shapes
illustrated in Figure 79 and the aerodesign parameters listed in Table 11, were selected to be
aerodynamically and acoustically evaluated in scale model high— and low-speed wind tunnel tests,
defined in Tasks IV and V of NASA Contract NAS3-24080. The blades were designed for
evaluation in the MPS rigs. Table 12 summarizes corresponding hub and tip radii for the model
blades F-4/A—4, F-5/A-5, F~7/A-7, F-11/A~11, and F-21/A-21 (“F” and “A” denote “forward”
and “aft,” respectively, for each of the five blade designs).

Sections 4.0 through 4.2 describe the design and fabrication of the five composite—
shell/titanium-spar blade sets of Figure 79. Details of mechanical design philosophy, analysis
methods, and material properties are presented. Aerodynamic, aeromechanical, and aeroacoustic
influences on the design process are also addressed, along with blade fabrication and quality control
procedures. Bench testing to verify blade mechanical integrity is described, the results of which are
presented, and instrumentation is identified. MPS blade instrumentation and measured stress limits
are also reported. Finally, fabrication of several items of hardware to support the specialized
investigations into acoustic, aerodynamic, and aeromechanical phenomena experienced during
Tasks IV and V testing is described.
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F-4

F-5

Figure 79. Selected Counterrotating Blade Planform Shapes.

Table 11. Unducted Fan Aerodynamic Design Parameters.

Parameter F/A-4 F/A-5 F/A-7
Design Flight Mach No. 0.72 0.72 0.72
Advance Ratio (J) 2.80 2.80 2.80
Power Coefficient (PQA) 4.15 4.15 4.15
Thrust Coefficient (TQA) 1.26 1.26 1.26
Disk Loading (shp/Aa) 86 86 86
Number of Blades 8+8 8+8 8+8
Total Activity Factor 2456 1968 2392
Tip Speed (R1), ft/s 787 788 785
Aero Tip Sweep, degrees 19-20 15-18 34-31
Inlet Radius Ratio 0.424 0.423 0.425
Net Efficiency Goal 0.850 0.850 0.850

F/A-11 F/A-21  SR-3
0.80 0.80 0.80
3.12 3.12  3.10
4.63 5.58 2.30
1.27 1.50 0.60

96 118 50
1149 11+10 8
3780 3713 1880

784 801* 800
37-34 45-25 45
0.425 0.431 0.240
0.856 0.840 0.812

* Standard Day + 18° F Conditions
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Table 12. Scale Model Counterrotating
Blade Dimensions.

Blade Hub Radius, in. Tip Radius, in.
F-4 5.22 12.36
A-4 4.96 12.02
F-5 5.22 12.37
A-5 4.96 12.02
F-7 5.21 12.32
A-7 4.96 11.97
F-11 5.24 12.31
A-11 4.96 11.94
F-21 5.24 12.17
A-21 4.96 11.75

4.1 Blade Mechanical Design

Mechanical design of the F-4/A—4, F-5/A-5,F-7/A-7,F-11/A-11, and F-21/A-21 blades was
performed by GE under Contract NAS3-24080. Detailed design procedures identified in Figure 80
are described in this section.

After detailed aerodynamic design, the candidate blade shapes at design point operating
conditions (hot shape) underwent mechanical design. For the MPS blades, a graphite/glass
composite shell with a Ti6—4 airfoil-shaped spar which extends to approximately 50% of the blade
height was chosen. The platform and trunnion sections which allow the blade to be installed in the
MPS rotating hub assemblies were machined in one piece, integral with the spar.

Figure 81 is a sketch of an F—4 blade. The size and shape of the spar, the composite layup, and
the trunnion size vary with each design. The 8- and 9-blade MPS hubs accept only large—trunnion
blades (F-4/A-4, F-5/A-5, and F-7/A-T7); whereas, the 10— and 11-blade MPS hubs accept only
small-trunnion blades (F-21 and A-21). Because the F-11 and A-11 blades have threaded shanks,
aremovable trunnion of either size can be installed, allowing these blades to be tested in any of the
MPS hubs. Figure 82 shows the F-11 and A-11 blades.

Due to the strength—to-weight ratio of the composite material and the presence of the spar,
steady-state operating stresses were expected to be low; however, natural blade frequencies were
of particular concern. AOA (angle-of-attack) and simulated-pylon testing would produce
disturbances of 1/rev and 2/rev. Due to the counterrotation, each blade row would create n/rev and
2n/rev excitations for the other blade row, where n is the number of blades in each row. Vibration
modes that could be potentially damaging had to be tuned; for example, the fundamental flex (F)
modes, torsion (T) modes, and the chordwise bending or stripe (S) modes. These modes could not
cross the per revs mentioned above during simulator operation or must do so at low speeds where
the excitation energy was lower. Tuning was accomplished using ply orientation, overall blade
thickness, spar thickness, and chord-length changes based on guidelines established from
experience with composite structures relating to stability and stress.
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The initial shell ply—layup pattern for each blade was chosen separately in order to provide
blades anticipated to be stable, at the design point, with stresses lower than the capability of the
material.

Chordwise mode—shape slopes of the 1F (first flex) and 1T (first torsion) modes were discovered
to play a big role in stability; minimizing these slopes tends to stabilize the blades. The material
reference axis can be varied to minimize the slopes. (The material reference axis is the direction in
which a 0°-fiber would lie, relative to the radial direction with a positive angle being in the direction
of positive blade sweep.) The F-4/A—4 and F-5/A-5 blades, both of which are straight, were given
0°—reference axes. The F-7/A—7 blades had a 13°-referenc e axis (A-7 blades tested in an
aeromechanical hub had a 35°-reference axis). The F-11/A—11 blades had a 45°-reference axis. The
F-21 blades had a 40°-reference axis, and the A—21 blades had a 50°—reference axis; the F-21 and
A-21 designs had different reference axes for stability reasons.

Because MPS blades were to be constructed of the same material as that used on a full-scale
design, the original F-4/A-4 and F-5/A-5 designs utilized 5-mil, 80%/20% graphite/glass plies.
The layup was [0/20/0/~20/] relative to the blade-stacking axis. owever, initial testing of these
blades revealed the shortcomings of this layup. Since the blades were so thin at the leading and
trailing edges, only the two outer 0° plies made up these regions. This caused cracks to develop along
the fibers in these regions. Additionally, the F-5/A-5 blade failure was caused by a 2S mode, 16/rev
crossing resonance, as the 0/20/0/-20 plies did not provide enough chordwise strength.

To obviate these problems, a new material/layup combination was needed; extensive analysis
determined the best possible layup for each design. The introduction of 2.5-mil 100% graphite plies
allowed four plies to be fit into the thinnest 10-mil region, instead of two. Placing 0/90 plies on the
blade surface provided the needed crossbracing.

The final plies chosen for the MPS blades had a [0/90/45/90/0/-45] 2.5-mil and [0/20/0/-20/...]
5-mil layup orientation. As depicted in Figure 83, only the top three plies were changed from the
original layup: six 2.5-mil plies were substituted for the three 5—mil plies. On the F-11/A-11 and
F-21/A-21 designs, 45°-plies were substituted for the 20°-plies; this provided more torsional
stiffness. The 90°—plies provided the stiffness needed to drive the 2S mode out of the 16/rev range;
on swept blades where stability is a problem, the 90° and 45° plies helped stabilize the blade.

The orthotropic material properties of the graphite elements depended on the number of plies
in the element which, in turn, depended on the thickness of the element. A preprossesor was used
to calculate these thicknesses and to assign the corresponding material properties. Each element was
comprised of many plies, having unidirectional material properties. Laminate plate theory was used
to convert the individual ply properties into bulk element properties through the thickness for use
in the finite element model. Figure 84 details typical three—element sections for three different airfoil
regions.

In the six—ply—thick section, outer elements were assigned bulk material properties of a 0/90
layup; whereas, the center element had the properties of a single 45°~ply. The eight—ply section does
not divide into three equally spaced elements, so fractions of plies were used for material property
calculations. Since skin thickness in the spar region is constant, all the outer elements over the spar
had the same properties. Material direction cosines were used to relate the material layup axis to the
global coordinate axis.
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Table 13 shows the 100% graphite properties, and Table 14 lists the 80%/20% graphite/glass
properties. '

To ensure safe operation over the full range of testing desired, stress and vibr ation characteristics
of each blade configuration were predicted using a finite element computer program (GE
TAMP/MASS) that takes into account the anisotropic nature of the composite material.

A finite element model of each blade design was set up using GE’s TAMP/MASS program. The
elements are eight—noded bricks that handle orthotropic material properties. A 3x8x20 mesh was
used; 3 elements through the thickness, 8 across the chord, and 20 along the span. A mesh plot of
each forward blade design is provided in Figure 85; a slice through the chord of a typical design
would resemble Figure 86.

To represent fixed/free boundary conditions of the blade designs, models were fixed at the base
of the spar. This caused the predicted frequencies to be higher than actual because hub and trunnion
stiffnesses were not taken into account. Experience indicates the effect of rigid hubs is not very large.
A spring stiffness matrix was used at the base of the blade for aeromechanical hub analysis. Trunnion
stress analysis was performed by utilizing root reaction loads from blade finite element analyses to
calculate tensile and bending stresses. This method has been shown to give accurate results when
compared to actual bench test frequencies.

A modal analysis of the finite—element models was then run to assess the frequencies and mode
shapes. The Task III report presents the individual frequencies and mode shapes for the F—4, A4,
F-5, A-5,F-1, A-7,F-11, A-11,F-21, and A-21 blades. This information was utilized to conduct
apreliminary (“quick look™) stability analysis which checks mode—shape slopes against preliminary
design rules. These rules identify stable and unstable combinations of modal slopes and reduced
frequencies for the fundamental modes (first flex and first torsion). The 1F- and 1T-mode quick
look stability plots from this analysis for the contract blades are illustrated in Figures 87 through 92.
All blade designs passed the quick look stability analysis, except the A-11 (Figure 91). In that
instance, the blade design fell into the “gray” boundary zone separating the stable and the unstable
regions. The reason for this is that every new aerodynamic design selected represents an incremental
venture in pushing the then-known state—of—the—art technology. For such a case, a full stability audit
is conducted, using the GE GAP code. Figure 93 plots the results of the stability audit for this blade.

If the blade is unstable, the audit will reveal the following:
¢ Modal Diameter of Potential Flutter Response

¢ Instability Frequency (which could be significantly different from the normal mode
frequency)

e The Dominant Vibratory Pattern
¢ The Expected Loss of Aerodynamic Damping

¢ Behavior of Aerodynamic Damping Versus Interblade Phase Angles in Normal
Modes

e Effects of Cascading, Density Variation, Changes in Mode-Shape Slopes, and
Increased Relative Mach Number in Blade Channels.

This information provides the designer with insights for design tradeoffs (based on parametric
studies conducted in the past), with respect to each of the above parameters and pertinent
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Table 13. AS (Graphite)/PR288 (Epoxy) Ply Properties.

Property

Axial Elastic Modulus (Tensile), x 10° psi
Transverse Elastic Modulus (Tensile), x 10° psi
Shear Strength, x lospsi
Poisson's Ratio, in./in.
Axial Ultimate Tensile Strength, ksi
Axial Ultimate Strain (Tensile), % in./in.
Transverse Ultimate Tensile Strength, ksi
First-Ply Failure Transverse Tensile Strength, ksi
Transverse Ultimate Strain (Tensile), % in./in.
Transverse Ultimate Shear Strength, ksi
HCF (High Cycle Fatigue) Axial Endurance Limit, ksi
HCF Transverse Endurance Limit, ksi
HCF Shear Endurance Limit, ksi

(HCF at Minimum/Maximum Load = -1.0, 30 Hz)

* Estimated from RT (Room Temperature) Data

Mean Value

74° F

1

18

8.56
1.27
0.671
0.32
5.1
1.03
9.
5
0
7
5
1
3

27

.21
.80
17.49
55.

200° F

17.25
0.97
0.452
0.31

179.8
1.07
7.80
2.99
1.11

11

55

1

.59
.0

oL
~

1w
1.8 %

Table 14. AS (Graphite) - S (Glass)/PR288 (Epoxy) Ply Properties.

Property

Axial Elastic Modulus (Tensile), x 10° psi
Transverse Elastic Modulus (Tensile), x 10° psi
Shear Strength, x 10° psi
Poisson's Ratio, in./in.
Axial Ultimate Tensile Strength, ksi
Axial Ultimate Strain (Tensile), % in./in.
Transverse Ultimate Tensile Strength, ksi
First-Ply Failure Transverse Tensile Strength, ksi
Transverse Ultimate Strain (Tensile), % in./in.
Transverse Ultimate Shear Strength, ksi
HCF (High Cycle Fatigue) Axial Endurance Limit, ksi
HCF Transverse Endurance Limit, ksi
HCF Shear Endurance Limit, ksi
LCF (Low Cycle Fatigue) Axial Strength, ksi
(HCF at Minimum/Maximum Load = -1.0, 30 Hz;
LCF at Minimum/Maximum Load = 0.1, 1.0 Hz)

* Estimated from RT (Room Temperature) Data

Mean Value

74° F

1

17

1

6
1
0
0
8.
1
7
4
0

3.

.19
.45
771
.31

6

.12
.63
.22
.58

78

50.0

13

1.
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0.

4

3
0
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combinations thereof, to guide the tradeoffs and arrive at acceptable candidate blade designs
efficiently should an iterative process be necessary to obtain a stable blade. As demonstrated in
Figure 93, the A-11 blade passed the audit. Meanwhile, an assessment of the blades was made to
evaluate the acoustic performance of the designs.

Next, a steady—state analysis was conducted at design loadings to obtain the calculated stresses
and deflections contained in the Task III report; whereupon, the stresses, frequencies, and stability
were found to be in the desired range for the blades with the material ply layups chosen for the
composite shells. Thus, it was not necessary to recycle the design process to alter ply layup or modify
airfoil shapes to refine the aerodynamic design.

Having identified acceptable blade designs, detailed aeroelastic analyses were performed to
predict stability. The results are presented in Figures 94 through 98. Blade stability was acceptable
and so design proceeded to define the cold (static) shapes so MPS blades could be fabricated.

When determining the cold shape of blades, an iterative procedure is used which recognizes that
deflections are usually large and nonlinear. The hot-shape model was run first in GE’s
CLASS/MASS computer program, and resultant deflections were then subtracted from the original
hot shape to obtain the first cold shape. The cold—shape model was then run through CLASS/MASS
again, and the resultant hot shape was compared to the original hot shape. If the two were not within
an acceptable tolerance, the cold—shape coordinates were adjusted, and the process repeated until
a final cold shape was defined which would deflect to the desired hot shape. The accuracy of
CLASS/MASS deflection predictions are largely dependent on the gas loadings input from
aerodynamic design. Preliminary results of actual blade deflections measured with lasers indicate
good agreement with analysis. Figure 99 illustrates the hot-to—cold—shape determination process.

In summary, the MPS blade design process followed the steps listed below:

1. Initial hot aecrodynamic shape is defined.

2. Initial ply layup is chosen based on experience.

3. A finite element model is set up using geometry and gas loads from aerodynamic
design and the initial ply layup definition.

4. A modal analysis is run to obtain frequencies and mode shapes.

5. Modal analysis is used to conduct quick look stability assessment; if stability is
unacceptable, the ply layup is redefined, the correspondingly altered finite element
analysis repeated, and the quick look stability analysis reiterated until stability is
acceptable. If the redefinition of ply layup does not produce acceptable stability, the

airfoil aerodynamic shape is modified and the ply layup cycle repeated until blade
stability is acceptable.

6. A steady-state analysis is run at design loadings and stresses to investigate
deflections.

7. Detailed aeroelastic analysis is used to predict stability. If stability is unacceptable,
the procedures from Step 5 involving ply/fiber adjustments and/or blade shape
changes are reiterated until a stable blade is produced.

[+,2]

. The cold airfoil shape is then obtained through an iterative process.
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Figure 94. Stability Estimate for MPS F-4/A-4 Blades.
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Figure 99. Hot-to-Cold Shape MPS Blade Determination.

9. The cold shape is released to Drafting, where the appropriate manufacturing
drawings are made.

10. A titanium master model, spars, and blades are fabricated.
4.2 Blade Fabrication and Quality Control

Blade fabrication was achieved by utilizing outside vendors to machine the Ti6—4 master model
and spars, and then using existing GE facilities and personnel to apply the composite shells to the
spars. Adequate quantities were procured for the bench testing required and to ensure that spars were
available to run the planned MPS rig tests.

For each airfoil configuration, a metal master tool was machined to exact airfoil coordinates, by
an outside vendor. To assure conformance to design drawings, the model was inspected at each
airfoil section; a die was then cast from the master blade. Utilizing the dies, the composite shell was
applied over the spar and formed to final blade shape. This method of fabrication produced very
small variance from blade to blade. All blades were weighed, ultrasonically scanned, and inspected
(visually and dimensionally).

The basic compression molding process developed by GE for composite airfoils as applied to
MPS blades is diagrammed in Figure 100 and includes the following:
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e Ply Pattern Generation — The requisite number and geometry of laminae that
would uniformly fill the mold and/or the volume between the metallic spar and the
die cavity were determined by scribing the metallic master model blade
topographically.

¢ Ply Assembly - Fixtures were manufactured for assembling the blade laminae in
the correct sequence and relative location.

¢ Spar Preparation — Fully NC (numerically controlled), machined spars were
chemically and mechanically etched and primed to prepare the surface for bonding
to the composite airfoil during the co—curing process.

¢ Molding - Using a metallic, fully machined and approved master model blade,
epoxy mold tools were fabricated. The critical molding process was accurately
controlled to ensure good consolidation of the composite, void—free laminates, and
molding uniformity. Precise die—closure programs were developed to produce
blades of consistent quality.

e Finishing Operations — The minor finishing operations to the molded airfoils
included deflashing and finishing of leading and trailing edges.

The detailed process used by GE to fabricate the MPS blades is outlined more thoroughly in the
itemized procedures presented in a separate informal report covering Task III of this contract (GE
TM No. 87-528).

Manufacturing and quality—control specifications, plans, and procedures were implemented to
ensure the use of the highest quality materials and to control the blade fabrication processes. The
plans covered every operation of the blade manufacturing processes from the time the raw materials
were procured until the part was delivered to test. Process control records were maintained in
individual files and included such information as routing cards, molding cycle charts, temperature
recording charts, dimensional inspections, material properties, and chemical analyses. All blades
were nondestructively inspected by ultrasonic through—transmission with a C-scan print—out record
that also formed part of the individual blade documentation.

Before any blade was released to test, a Material Review Board Committee (consisting of a
cognizant design engineer, a manufacturing engineer, and a quality representative) reviewed it
visually, together with the dimensional-inspection records, process records, and C-scans to ensure
acceptable quality.

4.3 Blade Instrumentation and Bench Testing

Each blade configuration underwent bench testing prior to operation on the MPS; the following
subsections provide details and results of the bench testing.

4.3.1 Blade Strain Distributions

One blade from each stage of each configuration was heavily instrumented with strain gauges,
and the strain distributions for the relevant modes were measured. The gauge locations for the F—7
and A-7 blades are shown in Figures 101 and 102, and results of the strain distribution bench tests
are provided in the Task Il informal report (GE TM 87-528), along with gauge locations and strain
distributions for the remaining blade configurations tested.
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All Gages are 1/16 Inch, Except as Noted
Gages are Equally Spaced
Leads are 5-Feet Long, 36-Gage, with Copper Splice
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Figure 101. F-7 Blade Strain Distribution Instrumentation.
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Figure 102. A-7 Blade Strain Distribution Instrumentation.
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4.3.2 Bl